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SECTION I
INTRODUCTION

This volume describes the hardware and antiskid systems used on the brake control simula-
toi plus the test conditions and parameters used in developing data for the dimensional
analysis in the study. Details of the specific pi-term calculations and of the development of
component and dimensional prediction equations are presented as backup information for
ASD-TR-74-41, Volume 1.
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SECTION II

BASIC BRAKE CONTROL HYDRAULIC SYSTEM

The hydraulic portion of the brake control simulator employed standard aircraft hydraulic

system components, The actual hydraulic configuration of each of the five aircraft was

mocked up. The major components common to most of the aircraft braking systems are:

0 Antiskid valve

a Pilot metering valve

uBrakes

S Accumulator

* Shuttle valve

Tubing

To generate the proper hydraulic system response, line lengths and diameters, valve loca-

tions, and restrictions were implemented as specified by the technical documents for each
airplane. The brake hydraulic system of each aircraft is activated by a pilot input to the

pilot metering valve. The pilot brake pedal action was simulated by opening the metering
valve and supplying the antiskid valve with a dump signal removing all brake pressure until

braking wis initiated. At the time of brake application, the dump signal was ramped off in

0.4 sec. This method successfully modeled a typical pilot response in initiating braking,

judging from Boeing flight test results of performance landings.

The main function of the antiskid valve is to moduite the brake pressure based on an
electrical signal from a control box. To maintain the proper pressure and flow characteristics
through the antiskid valve and pilot metering valve, actual aircraft brakes were used. This
ensured that the correct pressure-volume relationship existed during system operation.

Because tle system pressure is modulated by tlie ;mtiskid valve, large demands can be placed
on the hydraulic supply. To partially eliminate the resulting supply pressure fluctuations, an
accumulator is placed in the system supply line.

The remaining component, the shuttle valve, is used in conjunction with the emergency

braking system. Although the emergenry system was not simulated, the shuttle ialve was
employed to obtain the proper flow restriction.

3 Preceding page blank



SECTION III
BOEING 727 BRAKE CONTfOL SYSTEM DESCRIPTION AND

SYSTEM CHARACTERISTICS

The Boeing 727 braking system coatains four basic elenients- wheel speed transducers,
antiskid control system, hydraulic jstei % and brakes. The hydraulic system includes anti-
skid valves, pilot metering valves, deboost valves, and the associated tubing. An cverview of
the braking system mockui is shown in Figre 1. The detailed hydraulic schematic pre-
sented in Figure 2 identifes individual components shown in Figure 1. TThab'e I lists line
dimensior.s and materiels used in the mockup.

I. SYSTEM DESCRIPTION

a. WHEFL SPEED TRANSDUCER

The Boeing 727 wheel speed transducer provides instantaneous wheel speed information to
the control unit. The transducer, as pictured in Figure 3, is a variable-reluctance device
producii.g an alternating current proportional to wheel speed. The device is self-contained
and is mounted in the axle. It contains a rotor and stator, each having 50 teeth. A magnetic
field is established by a supdly current to the stator coil. As the rotor turns, the variation in
the air gap between the teeth of the rotor and stator induces an alternation in the supply
current. The AC irequency is prop,o.ional to wheel speed and is used as the input to the
antiskid control box. The transduter produces L sinusoidal signal at 50 cycles per wheel
revolution.

b. ANTISKID CONTROL SYSTEM

The antiskid control sysmea used during the sensitivity analysis of the Boeing 727 was the

Hytrol Mark II skid control system manufactured by Hydro-Aire. A simplified block dia-
gram of the Mark 11 System is presented in Figure 4.

The Mark I antiskid system requires acti,'e wheel speed inputs This information is provided
by the wheel speed transducers. The AC signal produced by the transducer is converted to a
DC voltage in the control box by the squaring circuit and velocity amplifier.

The squaring circuit converts the sinusoidal wheel speed signal to a square wave with
frequency proportional to the wheel speed. The velocity amplifier then reduces the square
wave to a DC voltage. The level of the DC voltage is a measure of the true wheel speed.

The DC wheel speed is differentiated in the rate amplifier to produce instantaneous wheel
deceleration. This deceleration is compared to a fixed threshold value; when the actual
wheel deceleration exceeds the threshold, a brake release signal is initiated. The duration
and magnitude of the brake release is based on the absolute wheel speed departure. In
addi.ion to this proportional control, the pressure bias modulation (PBM) circuit provides
an extension of the original control signal after the wheel has recovered from a skid. During
a skid, the PBM is charged to a level proportional to the duration and magnitude of the skid.
After the wheel has recovere,] from a skid, the PBM discharges ramping pressure on. To

5 Preceding page blank

"xA



, XlhI'ALA I I-T

IyRUI
Fijue 1 12 B~A~'Hyd uu p~st~?Mn l



Hydraulic 3 valvI

Anipi Antiskid
valve valve

A 
10B

10

Debooo
valveB

15 16

Flx Bake
loeoehose 1B

Figure 2.-727 Brake Hydra ulic System Schematic

7



Table 1.-727 Brake Hydraulic System Mockup

Index Line

Description point Line length(from-to) size (in.)

Common supply line 1.2 32
1.3 65

A-syttem metered pressure line 4-5 6S 160

A-system brake line 9-15 6S 156
13-19 8S 87
17.19 Hose 36

I-system metered pressure line 4.6 6S 162 *1
8- system broke line 10.16 6s 165

14.20 as 88 t
18-'0 Hose 36

Return line 8-12 15
7.11 30

11.21 12S 428

~2i

I
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ensure that the same brake pressure is not reapplied after a skid, the PBM is charged to a
higher va., than it had prior to the skid.

The remaining component of the system is the valve driver, which provides current to the

antiskid servo valve for a given voltage input from the rate amplifier.

c. TOUCHDOWN AND LOCKED-WHEEL PROTECTION

Locked-whel protection consists of an arming circuit and a locked-wheel detection circjit
The system is armed when either of two paiied wheels ,re rotating faster than 20 knots. The
wheel pairs are the right and left inboard wheels and the right and left outboard wheels. If
the system is armed and the wheel speed decreases to a speed below 20 knLts, a signal is
produced to completely release brake pressure. The system tested incorporated a modifica-
tion that delays system disarming for a period of time after both wheels decrease to a speed
below the arming speed. This modification permits retention of locked-wheel protection if
both v, heels lock simultaneously.

Squat switch logic arms the system in the air to provide touchdown protection.

d. BRAKE HYDRAULIC SYSTEM

The hydraulic system is composed of antiskid valves, pilot metering valves, deboost valves,
and the associated tubing.

The 72? brake hydraulic system requires a 3000-psi supply pressure. The 3000-psi supply
enters the actual brake hydraulic system at the pilot metering valve. This valve is a pressure
control valve that supplies pressure to the antiskid valve based on pilot input, The pilot can
meter from zero to 3000-psi pressure depending on his input. The metered pressure is the
maximum attainable output pressure of the antiskid valve. The actual output of the antiskid
valve is, however, controlled by the electrical signal from the skid control box.

The antiskid valve, produced by Hydro-Aire, is pictured in Figure 5. It is a two-stago
pressure control valve with a flapper and nozzle first stage and sleeve and spool second stage,
The flapper is operated by a permanent magnet torque motor. The application of an electri.
cal signal from the antiskid control box to the torque motor causes the flapper to move
from the neutral position (maximum pressure). Movement unbalances the hydraulic bridge
formed by the first stage nozzles. The resulting differential pressure is applied to the second
stage spool. Movement of the spool allows the output of the antiskid valve to change. The
hydraulic forces on the spool work to position the spool and reach an equilibrium position
and pressure.

The modulated pressure from the antiskid valve is reduced at the deboost valve before
entering the brake. The deboost valve reduces the pressure by the ratio of 0.57 to 1.0. The
pressure output of the deboost valve is transmitted through a shuttle valve to the brakes.

II
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e. BRAKES

The 727 brakes used in the mockup were a Bcndix product (both Bendi). and B. F. Good-
rich brakes are available), They are six-rotor stecl brakes. The modulation , f pressure at the
brake causes compresion or release of the disc t J:. whi,.h results in a controlled braking
action.

2. BRAKING SYSTEM CHAR \CTERISTICS

During the senstitivity study, arious system and component ,:haracteristics were measured.
rhe dynamic response of tht, standard 727 hydraalic tystem is shown in Figures 6 and 7.
Figure 6 plots the system frequency response, whil Figure 7 represents step response.
Tables 2 and 3 compile the dynamic response data r -,ulting from hydraulic system changes.

Figure 8 plots the antiskid valve pressure-current chara.tristics. The effect of varying the
pilot's metered pressure is depicted by the three diffcrt.nt curves,

The pressure-volume characteristics of the standard 727 brake are shown in Figure 9. Also
Included are the p-v relationships for the increased brake volume and increased brake gain
test conditions.

1I
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Table 2.-727 Frequency Response Data

Resonance Phase angle Frequency

T(at Point fra- resonance at reso- at 90 °
Teat condition quency or or -3 db nance or phase angle

.3 db fre- -3 db
Ipsi)(±pai cquency (Hz) (db (deg) (Hz)

Standard 1126 100 10 7 94 9.8
200 10 6 81 10.4

563 100 9.5 6 102 8.9
200 9 4.9 92 8.9

a. Decrease line 1126 100 6 4.1 79 6.4
diameter 200 7 2.3 91 7.0

563 100 5 3.6 67 6.0
200 6 2.2 78 6.1

b. Increase line 1125 100 7 4.1 86 7.2
200 8 2.6 86 8.3

563 100 5.5 2.0 75 8.3
200 7.6 -3.0 124 6.2

c. Move dynamic 1125 100 10 4.5 76 11.0
breakpoint out 200 12 4.5 78 12.9
150% of nominal 563 100 9 4.6 69 10.3

200 10 48 69 11.3

d. Move dynamic 1125 100 7 5.8 88 7.1
breakpoint in 200 8 6.3 94 7.8
50% of nominal 563 100 8 10.6 126 6.9

200 7 6.2 90 7.0

a. Restriction 1125 100 9 5.1 84 9.3
200 10 6.2 82 10.5

563 100 9 54 86 9.2
200 9 6.2 82 9.4

J 16



Table 3.-727 Step Response Data

Delay response Response time to Percentage pres-
Pressure time 8sec) 0% of pressure sure overshoot

Test condition step change (sec) of step change
change Pressure Pressure Pressure Pressure Pressure Pressure

increase decrease increase decrease increase decrease

standard configura- 0-1700 0.060 0.020 0,080 0.035 1.8 0
tion 0.1500 .065 .015 .085 .032 18.0 0

0-850 .095 .015 .115 .037 10.6 0
250.1700 .015 .012 .035 .027 13.8 11.7
250-1500 .015 .015 .035 .025 24.0 13.6

a. Decrease line 0-1700 .075 .020 133 .060 4.1 0
diameter 0.1500 .075 .015 .135 .050 9.3 0

0-850 .115 .015 .182 .050 59 0
250-1700 .013 .020 .057 .050 11,0 10.3
250-1500 .015 .015 .055 .043 16,0 12.0

b. Increase line 0-1700 .105 .020 .257 063 3.5 0
diameter 0-1500 .105 .015 .260 .055 3.3 0

0-850 .140 .015 .445 .067 9.4 0
250-1700 .020 .020 .070 .052 0 11.7
250-1500 .015 .012 .055 .030 0 16.8

c. Move dynamic 0-1700 055 015 .077 .030 0 0
breakpoint out 0-1500 .057 .010 .085 .023 2.7 0
150% of nominal 0-850 .085 .010 .112 .025 3.5 0

250-1700 012 .017 .032 .028 9.7 14.5
250-1500 .010 .010 .027 .020 20.8 16.8

d. Move dynamic 0-1700 .065 .025 090 .040 5.9 0
breakpoint in j.1500 .070 .017 .095 .035 16.0 0
50% of nominal 0-850 .100 .020 .127 .037 15.3 0

250-1700 .017 .017 .042 .032 13.8 rj.2
250-1500 .017 .017 .040 .035 25.6 16.8

a. insert 20% re- 0-1700 .055 .020 .075 .032 4.7 0
turn line 0-1500 .057 .012 .083 .027 14.7 0restriction 0-850 .090 .012 .115 .030 12.9 0

250-1700 .012 .020 .032 .033 16.6 14.5
250-1500 .012 .010 .032 .025 24.0 16.8
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SECTION IV
BOEING 727 BRAKE CONTROL SYSTEM DESCRIPTION AND

SYSTEM CHARACTERISTICS

The Boeing 737 brake control system consists of four elements: wheel speed transducers,
antiskid control system, hydraulic system, and brakes. The braking system mockup, exclu-
sive of the antiskid control box, is shown in Figure 10. A schematic of tile hydraulic system

is given in Figure 1, and the associated line materials, lengths, and diameters are listed in
Table 4.

1. SYSTEM DESCRIPTION

a. WHEEL SPEED TRANSDUCER

The 737 wheel speed transducer, pictured in Figure 12, is a self-contained device mounted
in the axle. The transducer has two functional parts, a rotor and stator, each of which is

made of ferrous material and has 150 teeth. A magnetic field is established by supplying
current to the stator coil. As the rotor turns, the alternating alignment and misalignment of
the teeth in the r,,tor and tile stator vary the reluctance in the magnetic current. This results

in an alternation in the supply current, which generates an AC frequency proportional to
wheel speed.

b. ANTISKID CONTROL SYSTEM

The Boeing 737 incorporates the Mark Ill Skid System manufactured by Hydro-Aire for

brake control. The system is represented by the functional block diagram in Figure 13. The
wheel speed transducers in each braked wheel provide the instantaneous wheel speed
information required by the control circuit. The transducer AC signal is converted to a DC
voltage in the frequency converter block. This DC voltage is directly proportional to the
actual wheel speed.

A reference aircraft velocity is provided by the reference velocity and reference deceleration
functions shown in the block diagram. At touchdown, the velocity comparator develops a
negative error signal, which forces the velocity reference to increase until the error signal
ceases. In this manner, the reference velocity is initialized at touchdown for the braking
condition to follow. During the recovery from a skid, the wheel spinup action results in a
reinitialization of the reference velocity.

The reference deceleration function provides an output derived from the gradually changing
component of wheel speed; thus, the output is proportional to wheel deceleration. The
reference deceleration is an input to the reference velocity function; it modifies the rate of
velocity decay as a function of the prevailing wheel condition.

The signals from the frequency converter and the reference velocity function are summed in
the velocity comparator. The output of the comparator is a velocity error signal that drives
the control circuit, resulting in pressure modulation at the brake. The control circuit,
consisting of the pressure bias modulation (PBM), transient con;rol, and lead circuits, is
responsible for normal system control.

21 Preceding page blank
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*Table 4-737 Brake Hydraulic System Mockvp

Index Line
Description point linlen*

(from-to) iz (i.

A-system supply line 1.S635 71
3-5 6S28 71
3-7 6S28 28

A-system metered pressure line 9.13 6S28 31

A-syitemn brake line 17.21 6628 151
21-23 3/8 hos 38

A-system return line 15.28 0S28 31
11-25 6A35 14

B-systemn supply line 2-4 6S28 13
4-8 6828 33
4.8 OS28 118ie

B-system metered pressure line 10-19 6S28 3
19-14 3/8 hose 52

B-systemn brake line 18-20 SS28 166
20-22 318 hose 38

8-systemn return line 16-28 6S28 4
28-27 3/8 hose 27
27-28 6628 8
12.24 6A35 14

Common return line 24-25 8S6 16
25-28 6A35 225
24-29 8A35 43
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The PBM is the time integral of velocity error and, in comparison to the transient control, is
slower to respond to error signals. The PBM determines the brake pressure when the wheel is
not skidding. It reduces the pressure level during a skid and grdually increases it after the
skid. In this manner, the system adapts to varying runway conditions and also seeks to keep
braking at the highest possible level.

The transient control iq characterized by a fixed gain and threshold, Its input is the velocity

error coming from the velocity comparator and thus is a proportional control when the
approporiate threshold has been exceeded, The primary purpose of the transient control isto ir'duce pressure quickly to provide wheel recovery from a skid.

The remaining control element, lead, Is in the form of a velocity error rate, which is coupled
into the summing amplifier. Since it represents the rate of velocity change, a differentiation,
it provides a dynamic lead function that anticipates and initiates the brake pressure modula-
tion to help control skids. The lead control is used to quicken the system response, thus
improving efficiency, Appropriate use of lead contrul can also improve overall system strut
damping by way of dynamic compensation.

The remaining system components include the summing amplifier and valve driver, Signals
from the PBM, transient, and lead controls are summed by the summing amplifier, and this
output becomes the driving function for the valve driver. The valve driver provides current
to the antiskid valve proportional to the voltage from the summing amplifier.

c. TOUCHDOWN AND LOCKED-WHEEL PROTECTION

For locked-wheel protection, the inboard wheels are connected as a pair, as are the outborad
wheels. The outputs of the reference velocity circuits of two paired wheels are connected to
produce a signal equal to 25% of the higher of the two velocities. When the velocity of a
wheel is less than this signal, a full dump signal is applied to the brake. If both wheels lock
simultaneously, the normal decay time of the reference velocity will provide a continuous
dump signal for a period of time. The system is armed by the squat switch logic when the
airplane is in the air, thus providing touchdown protection.

d. BRAKE HYDRAULIC SYSTEM

The 737 brake hydraulic system is composed of antiskid valves, pilot metering valves, and
interconnecting tubing. In addition to these components, the mockup contains the 737-200
autobrake system and its associated hardware,

The brake hydraulic system uses a 3000-psi supply; both the supply pressure and the
maximum brake pressure are 3000 psi. The ships 3000-psi pressure enters the pilot meter.ag
valve. The valve is a pressure control device that regulates the pressure to the antiskid valve.
The pilot supplies a manual input signal to control the output pressure of the valve. In
addition to being the antiskid valve supply, the pressure from the pilot meter valve is the
maximum output pressure of the antiskid valve. The actual output of the antiskid valve is
controlled by the electrical signal from the skid control box.

27



The antiskid valve, a Hydro-Aire product, is pictured in Figure 14. The unit is a variable gain
pressure control servo valve. It is a two-stage valve with a flapper and nozzle first stage and a
spool and sleeve second stage. A permanent magnet torque motor in the first stage operates
the flapper. In the neutral (unenergized state) the flapper is hard over against the return
nozzle, permitting full control pressure to the brake. The application signal from the control
box to the torque motor causes the flapper to mcve. The movement opens the return
nozzle, allowing some flow to return and resulting in a pressure change. The pressure is
applied to the second stage spool. Movement of the spool allows the output of the antiskid
valve to change. The hydraulic forces on the spool work to position the spool until an
equilibrium position is reached.

The pressure from the antiskid valve passes through the autobrake shuttle valve before
entering the brakes.

e. BRAKES

The 737 brakes used during these tests were manufactured by Bendix. The modulation of
pressure at the brake stack causes compression or relaxation of the disc stack, which results
in a controlled brake action.

2. BRAKING SYSTEM CHARACTERISTICS

Various system and component characteristics were measured as part of the sensitivity

study. Figures 15 and 16 depict typical dynamic response results of the standard 737 brake
hydraulic system. Figure 15 plots frequency response; Figure 16 represents step response.Tables 5 and 6 are compilations of the dynamic response data obtained during testing.

Figure 17 plots the antiskid valve pressure-current characteristics. The effect of varying the
pilot's metered pressure is also shown.

The pressure-volume characteristics of the standard 737 brake are shown in Figure 18. Also
included are the p-v relationships for the increased brake volume and ncreased brake gain
test conditions.
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Table 5. -737 Frequency Response Data

Resonance Phase angle Frequeny
Tc n Test point fre- Gain at at reo-Teatresonance at 900

Test condition quency or reonnc l3fce ora go
pressure q3db o or 3 db 3 3db phase angle

-3db fra-i -3dbb
(psi)(±psi) quency (H (db (Jag) (Hz)

Standard 2000 100 14 -3.0 93.7 14.3
200 14 .3.0 98.5 12.7

1000 100 18 .3.0 1 24.5 1 3,0

200 14 -3.0 1117 11.2

a. Decrease line 2000 100 16 -3.0 137 11.2
diameter 200 15.5 -3.0 140 10.81000 100 16 ;,0 154 9.9

200 8 1 0 q 73.7 9.7

b, Increase line 2000 100 9 .3.0 85 9.5
200 9 .3.0 84 9.7

1000 100 10 -3.0 96 9.4
200 9 -3,0 89 9.1

c. Move dynamic 2000 100 12 -3.0 66.2 17.2

breakpoint out 200 12 -3.0 72.2 15.5
ISO% of nominal 1000 100 17 -3.0 97 15.7

200 14 -3.0 97.4 13.8 "

d. Move dynamic 2000 100 15 -3.0 131, _ 10.5
breakpoint In 200 15 -3.0 134.5 10.5
50% of nominal 1000 100 15 .3.0 144.5 9.3

200 14 -3.0 142.2 9 1

r-, Rst-rictioh ,

Test not run
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Table 6.-737 Step Response Data A

Response time to Percentage pres-
Pressure Delay response 80% of preasure sure overshoot

Test condition step time arec) change (se) of step change
change Pressure Pressure Pressure Pressure Pressure Pressure

increase decrease increase decrease increase decrease

Standard config 0.3000 0.026 0.010 0.090 0.040 0 0
uration 0-2700 .035 .010 .090 .037 8.9 0

0-1500 .042 .010 .092 .042 9.3 0
600-3000 .010 .010 .042 .032 0 6.3
600-2700 .007 .010 .037 .035 0 7.1

a. Decrease Ino 0-3000 .060 .012 .105 .040 0 0
diameter 0.2700 .070 .010 .117 .040 5.5 0

0-1500 .085 .010 .132 .045 12.0 0
600-3000 .010 .010 .042 .037 0 3.8
600-2700 .010 .010 .042 .035 2.9 5.7

b. Increase line 03000 .042 .010 .127 .060 0 0
diameter 0.2700 .050 .010 .142 .057 5.5 0

0-1500 .050 .010 .140 .055 8.0 0
600.3000 .010 .010 .070 .045 0 6.3
600-2700 .010 .010 .072 .042 4.3 8.6

c, Move dynamic 0,3000 .050 .007 .092 .030 0 0
breakpoint out 0-2700 .050 .007 .095 .032 5.5 0
150% of nominal 0.1500 .055 .010 .100 .036 10.0 0

600-3000 .010 .007 .035 .030 0 0
600-2700 .007 .007 .037 ,027 0 0

d. Move dynamic 0.3000 .080 .018 .135 .045 0 0
breakpoint in 0.2700 .080 .012 .142 .045 8.9 0
50% of nominal 0-1500 .105 .010 .160 .045 12.0 0

600-3000 .015 .018 .050 .035 0 10.0
600-2700 .012 .012 .047 .035 2.9 10.0

a. Insert 20% 0-3000 .050 .010 .100 .037 0 0
return line 0-2700 .050 .010 .100 .037 5.5 0
restriction 0-1500 .060 .010 .105 .042 4.0 0

600-3000 .007 .010 .040 .032 0 5.0
600-2700 .007 .010 .045 .030 0 7.1
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4 SECTION V

BOEING 747 BRAKE CONTROL SYSTEM DESCRIPTION AND
SYSTEM CHARACTERISTICS

The 747 brake control system contains four basic elements: wheel speed transducers, anti-

skid control system, hydraulic system, and brakes.
The brake hydraulic system mockup is pictured In Figure 19. Line lengths, diameters, bends,

materials, and the general layout have been accurately reproduced in the mockup. Figure 20
is a schematic of the 747 brake hydraulics. Table 7 in conjunction with this figure defines
the significant hydraulic system information.

1. SYSTEM DESCRIPTION

a. WHEEL SPEED TRANSDUCER

The 747 wheel speed transducer, pictured in Figure 21, is a self-contained device mounted I
in the axle. It has two functional parts, a rotor and a stator, each of which is made of
ferrous material and has 200 teeth. A magnetic field is established by supplying current to
the stator coil. As the rotor turns, the alternating alignment and misalignment of the teeth

in the rotor and the stator vary the reluctance in the magnetic current. This results in an
alternation in the supply current, which generates an AC frequency proportional to wheel
speed.

b. ANTISKID CONTROL SYSTEM

TIp Boeing 747 incorporates the Mark Ill skid system manufactured by Hydro-Aire for
brake control. The system is represented by the functional block diagram in Figure 22. The
wi -.el speed transducers in each braked wheel provide the in'tantaneous wheel speed infor-
mation required by the control circuit. The transducer AC signal is converted to a DC
voltage in the frequency converter block. This DC voltage is directly proportional to the
actual wheel speed.

A reference aircraft velocit) is provided by the reference velocity and reference dectleration
functions shown in the block diagram. At touchdown, the velocity comparator develops a
negative error signal, which forces the velocity reference to increase until the error signal
ceases. In this manner, the reference velocity is initial'zed at touchdown for the braking
condition to follow. During the recovery from a skid, 0ae wheei spinup action results in a
reinitialization of the reference velocity.

The reference deceleration function provides an output derived from the gradually changing
component of wheel speed; thus, the output is proportional to wheel deceleration. The
reference deceleration is an input to the reference velocity function; it modifies the rate of
velocity decay as a function of the prevailing wheel condition.

37 Preceding page blank
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I Figure 19.-747 Brake Hydraulic System Mockup
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Table 7 -747 Brake Hydraulfic System Mockup

Index Line
Description point Line length

ifromn-toI Olt(n.)

Accumulator line 1.2 BS26 18

Autobrake supply line 1.3 8S26 60

Pilot metering valve supply 1-4 8S26 216

Antiskld supply line 9-8 8826 36

8.10 8S26 166

6-6 8S26 192
7.24 lOS33 168

24.25 6S20 12
24.27 lOS33 6
27.28 l0S33 48
27-203 10S33 168

Brake supply line (typical) 11.12 GS20 8
13-14 6820 132

414.15 1/4 hose 54
15A16 6S20 60
16.17 1/4 hose 126

Return line (typical) 18.19 10S33 96

1 9.20 105S33 24
19-21 10S33 16
22-23 1OA35 30
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The reference deceleration function provides an output derived from the gradually changing
component of wheel speed; thus, the output is proportional to wheel deceleration. The
reference deceleration is an input to the reference velocity function; it modifies the rate of
velocity decay as a function of the prevailing wheel condition.

The signals from the frequency converter and the reference velocity function are summed in
the velocity comparator. The outpu't of the comparator is a velocity error signal that drives
the control circuit, resulting in pressure modulation at the brake. The control circuit,
consisting of the pressure bias modulation (PBM), transient control, and lead circuits, is
responsible for normal system control.

The PBM is the time integral of velocity error and, in comparison to the transient control, is
slower to respond to error signals. The PBM determines the brake pressure when the wheel is
not skidding. It reduces the pressure level during a skid and gradually increases it after the
skid. In this manner, the system adapts to varying runway conditions and also seeks to keep
braking at the highest possible level.

The transient control is characterized by a fixed gain and threshold. Its input is the velocity
error coming from the velocity comparator and thus is a proportional control when the
appropriate threshold has been exceeded. The primary purpose of the transient control is to
reduce pressure quickly to provide wheel recovery from a skid.

The remaining control element, lead, is in the form of a velocity error rate, which is coupled
into the summing amplifier. Since it represents the rate of velocity change, a differentiation,
it provides a dynamic lead function that anticipates and initiates the brake pressure
modulation to help control skids. The lead control is used to quicken the system response,
thus improving efficiency. Appropriate use of lead control can also improve overall system
strut damping by way of dynamic compensation.

The remaining system components include the summing amplifier and valve driver. Signalsrfrom the PBM, transient, and lead controls are summed by the summing amplifier, and this
output becomes the driving function for the valve driver. The valve driver provides currentto the antiskid valve proportional to the voltage from the summing amplifier.

c. TOUCHDOWN AND LOCKED-WHEEL PROTECTION

In addition to normal skid control, touchdown protection on the 747 is provided by the
landing gear logic system. Proximity switches (two per truck) sense when the airplane is on
the ground by noting that the trucks are out of tilt. While in the air, the logic system
supplies a brake release signal to the antiskid valve. On,;e on the ground with at least two
trucks out of tilt, the signal is removed, allowing normal antiskid operation to occur. Wheel
spinup will override the touchdown protection sign:i, permitting normal braking if the
air-ground sensing switches are not activated upon tour.hdown.
Locked-wheel protection is provided for each wheel having antiskid protection. Four sets of

four-wheel groups are used. Both front and rear left outboard wing gear wheels are grouped
with the right front and rear inboard body gear wheels. The same pattern is used to combine
the remaining three locked-wheel groups.
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Locked-wheel protection operates through the normal control path of the system. The
system is implemented by generating a locked-wheel reference, which is a fixed percentage
of the highest reference velocity of the locked-wheel group. When the reference velocity for
a particular wheel is less than the locked-wheel reference (because of a wheel lockup), the
locked-wheel reference is used as the reference input to the velocity comparator. This
ensures that an error signal is developed and the brake released.

d. BRAKE HYDRAULIC SYSTEM

The 747 brake hydraulic system employs two pilot metering valves and four antiskid valve
modules a the basic system components. The system receives 3000-psi pressure from the
ships primary hydraulic system, This pressure is supplied to the pilot metering valve, which
is a pressure control valve. The metering valve pressure, which is the antiskid valve supply
pressure, is regulated by a manual input signal from the pilot. Depending on the input, the
pilot can meter from zero to 3000 psi to the antiskid valve. The metered pressure is the
maximum attainable output pressure of the antiskid valve. The -.ual output of the antiskid
valve is controlled by the electrical signal from the skid control box.

The Hydro-Aire Mark III antiskid valve is shown in Figure 23. It is a two-stage valve with a
flapper and nozzle first stage and spool and sleeve second stage. A permanent magnet torque
motor in the first stage operates the flapper, The hydraulic bridge built around the flapper
consists of two fixed and two variable nozzles. The application of an electrical signal to the
torque motor from the skid control box causes the flapper to move from the neutral
position (maximum pressure). Movement of the flapper unbalances the bridge, with a result-
ant pressure differential applied to the second stage spool. Movement of the flapper from
the relaxed position serves to reduce pilot metered pressure to the brake, The forces on the
spool work to position it until an equilibrium position is reached. The output of the antiskid
valve provides the control pressure to the brakes.

e. BRAKES

The brakes used during the sensitivity study were manufactured by Bendix. The modulation
of pressure from the antiskid valve causes compression or relaxation of the brake stack.
Such action results in a controlled braking action.

2. BRAKE SYSTEM CHARACTERISTICS

As part of the sensitivity study, the characteristics of the brake system were measured. The
dynamic response of the standard 747 hydraulic system is shown in Figures 24 and 25.
Figure 24 plots a typical frequency response of the system, while Figure 25 represents step
response. Tables 8 and 9 compile the dynamic response data resulting from hydraulic system
changes.

The pressure-current characteristics )f the 747 antiskid valve are shown in Figure 26. The
effect of varying the pilot metered pressure is depicted by the different curves.

The pressure-volume relationship of the standard 747 brake is shown in Figure 27. Also
shown are the p-v characteristics for the increased brake volume and increased brake gain
test conditions.
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Table 8-747 Frequency Response Data
Ronce r hase angle

Reson Gain at Frequency

Test point fre. resonance nat reso. at 90pressure quncy or -3 db phase angle
'3 db fra. -3 db(psi)(psi) db) (Hz)

quency (Hz) (ci (dpg)

Standard 2000 100 6 5.4 61 7.2
200 6 4.7 55 7.8

1000 100 6 4.7 60 6.0
200 6 4.3 83 6.3

a. Decrease line
diameter

b. Increase line 2000 100 6 5.3 70 6.6
200 6 4.3 62 7.1

1000 100 5 4.7 71 5.6
200 5 3.3 59 6.2

c. Move dynamic 2000 100 7 6.1 68 7.9
breakpoint out 200 8 5.5 85 8.2
150% of nominal 1000 100 6 5.3 68 6.0

200 7 4.5 87 7.1

d. Move dynamic 2000 100 6 5.9 15 6.5
breakpoint in 200 6 5.2 69 6.8
50% of nominal 1000 100 5 4.7 78 5.4

200 5 4.2 74 5.6

a. Restriction 2000 100 6 5.8 63 7.0
200 6 5.3 59 7.4

1000 100 5 4.7 64 5.9
200 6 4.1 89 6.0

T~st not run
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Table 9-747 Step Response Data

Response time to Percentage pres-
PressDre time (sec) 80% of pressure sure overshoot

Test condition step change (sec) of step change
change Pressure r Pressure Pressure Pressure Pressure Pressure

increase |decrease increase decrease Increase decrease

Standard 0-3000 0.085 0.025 0.125 0.061 2.7 0

0-2700 .100 .012 .132 .055 3.3 0
0-1500 .085 .017 .197 .085 20.0 0

600-3000 .015 .030 .050 .060 2.5 11.3
600-2700 .015 .017 .050 .045 17,1 11.4

a. Decrease line
diameter*

b. Increase line 0-3000 .050 .030 .120 .060 0 0
diameter 0-2700 .050 .015 .115 .050 7.4 0

0-15170 .080 .015 .160 .060 20.0 0
600-:00 .015 .030 .045 .060 2.5 15.0
160.2700 .015 .01 .050 .045 14.3 17.1

c. Move dynamic 0-3000 .050 .027 .090 .065 4.0 0
breakpoint out 0-2700 .080 .015 .115 .040 15.6 0
150% of numinal 0-1500 .113 .030 .170 .050 24.0 0

600-3000 .015 .015 .030 .055 12.5 15.0
600-2700 015 .015 .045 .040 20.0 17.1

I d. Move dynamic 0-3000 .090 .030 .130 .065 8.0 0
breakpoint in 0-2700 .050 .020 .085 .055 15.6 0
50% of nominal 0-1500 .150 .025 .190 .0G5 20.0 0

600-3000 .025 .040 .052 .065 12.5 12.5
600-2700 .025 .020 .055 .045 20.0 17.1

e. Insert 20% 0-3000 .080 .030 .100 .067 4.0 0
return line 0-2700 .115 .020 .135 .052 15.6 0
restriction 0-1500 .165 .020 .180 .070 24.0 0

600-3000 .020 .035 .050 .OeO 5.0 15.0
600-2700 .020 .020 .050 .045 20.0 17.1

Test not run.
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SECTION VI "1
C-41 BRAKE CONTROL SYSTEM DESCRIPTION AND

SYSTEM CHARACTERISTICS

The C-141 brake control system incldes the brake hydraulic system, antiskid control
system, wheel speed transducers, and brakes. The brake hydraulic system mockup used
during the sensitivity study is pictured in Figure 28. A schematic identifying the mockup
components is given in Figure 29. This figure and Table 10 specify the line dimensions and
materials used in the mockup.

I. SYSTEMS DESCRIPTION

a. WHEEL SPEED TRANSDUCER

The C-141 wheel speed transducer, as pictured in Figure 30, provides the antiskid control
system with instantaneous wheel spe -d information. The device is self-contained; a unit is
mounted in the axle of each wheel. The transducer is a simple AC generator providing six
cycles per wheel revolution. The signal is amplitude-modulated in addition to the frequency
modulation typical of wheel speed transducers. Both the frequency and amplitude are
proportional to wheel speed.

The C-141 antiskid control system, designed by Bendix, provides individual skid protection

for the eight main wheels of the aircraft. The Bendix system is represented by Figure 31 in a
simplified form.

The axle-mounted wheel speed transducer provides instantaneous wheel speed information
to the control circuit. The transducer signal enters the circuit at the rate sensing block,
where it is conditioned and rectified to produce a DC voltage. The DC voltage is proportion-
al to wheel speed. The DC wheel sleed signal is differentiated, yielding the wheel decelera-
tion used for primary antiskid control. The wheel deceleration is compared to a preset value.
When the fixed decleration level is exceeded, the degree of rate circuit supplies a signal to
the antiskid valve, which results in brake release. Two levels of control are provided by
circuit logic, The first level is initiated when a small deceleration rate occurs, This causes the
rate-sensing circuit to activate the Step I circuit, which energizes the Step I solenoid of the
control valve. The result of this action is a moderate brake release. For larger decelerations.
the Step 2 circuit is activated, energizing the Step 2 solenoid and resulting in fast brake
release.

As the wheel spins up and the actual wheel deceleration becomes less than the control
thresholds, the Step I and Step 2 solenoids are deenergized. Reapplication of pressure is
controlled by the antiskid valve and not the control circuit. A schematic of the antiskid
valve is shown in Figure 32.

s" Preceding page blank



Figure 28. -- 141 Brake Hyrlraiiu System Mockup
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Table 10.-C- 14 1 Brake Hydraulic System Mockup

Index Line
Description point Line length

(from-to) size(in)

Common supply line 1-2 4S20 50
2-3 4S20 12

Common metered pressure line 4-5 4S20 807

Common No. 2 pressure supply line 8-9 8S35 120

A-system metered pressure line 5-7 4S20 10

A-system brake line 13-17 6S28 23.5
17-18 8S35 336
18-19 3/8 hose 36

A-system No. 2 pressure suv;ply line 9.11 6S28 12

B-system metered pressure line 5-0 4S20 10

B-system brake line 12-14 6S28 23.5
14-15 8S35 336
15-16 3/8 hose 36

B-system No. 2 pressure supply line 9-10 6S28 8

Retur line 20-21 4A20 56
22-23 6A28 9
22-24 6A28 9
21-22 10A42 4
21-25 10A42 120

56



Armtur

Figure 30. -C- 141 Wheel Speed Transducer
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Stop 2 solenoid

pressure

Step 1 solenoid

Figure 32.-C-141 A,,tiskid Control Valve Schematic (Shown Deenerqized;
High Brake Pressure)
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c. TOUCHDOWN AND LOCKED-WHEEL PROTECTION

The locked-wheel protection consists of an arming circuit and a sensing circuit. The sensing
circuit determines if the wheel is turning at a rate faster than 85 rpm (15 mph). When the
whe;l is rotating faster than this speed, a signal is supplied to the arming circuit; if not, a
signal is produced, if the system is armed, to activate the Step I and 2 solenoids.

For arming, the four forward wheels and the four aft wheels are paired. The system is armed
when any of the four wheels is rotating faster than 85 rpm. A time delay circuit prevents
disarming for momentary lockup of all four wheels. Touchdown protection is prcvided by
arming the system in the air using squat switch logic.

d. BRAKE HYDRAULIC SYSTEM

The brake hydraulic system has two major components: a pilot metering valve and an
antiskid valve. The system is supplied with 3000-psi pressure from the ships hydraulic
system to the pilot metering valve. The valve is a pressure control device with an output
pressure limited to 2200 psi. The aircraft 1,. right and left metering valves allowing the pilot
to employ differential braking. The pilot metered pressure, which is an input to the antiskid
valve, is the maximum available pressure at the brake. The actual pressure at the brake is
controlled by the electrical signal from the skid control box and antiskid valve.

Unlike the more advanced systems, which employ pressure control valves, the C-141 anti-

skid valve is a simple solenoid valve. In addition to the ;'ontrol pressure from the pilot
metering valve, the antiskid valve has a second supply that provides 3000-psi pressure and
serves as the main hydraulic supply to the brakes. The 3000-psi is reduced to a maximumI output pressure of 2200 psi by a force balance within the antiskid valve. The control box
supplies a signal to the antiskid valve, resulting in a pressure dump to zero pressure. The
actual dump rate is determined by an orifice and by two solenoids, which are termed Step I

! and Step 2 solenoids.

Activation of Step I allows the control pressure to dump through an orifice. This results in a
moderate dump rate. Activation of the Step 2 solenoid opens the brake and control pres-
sures directly to return, causing a very fast pressure dump. Reapplication of piessure is
initiated after both solenoids have been deenergized. The pilot control pressure is then
metered through an orifice. The orifice size determines the reapplication pressure rate.

e. BRAKES

The C-141 brakes used in the mockup were six-rotor steel brakes. The modulation of
pressure from the antiskid valve causes the brake stack to compress or release. This action
results in a controlled braking action.

2. BRAKING SYSTEM CHARACTERISTICS

During the sensitivity study various system and component characteristics were measured.
The dynamic response of the standard C-141 hydraulic system is shown in Figure 33. This

figure is a representative step response curve for the system. Table II compiles the step
response data resulting from the hydraulic system changes.
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Table I I. -C-1747 Step Response Data

Pressure decrease Pressujre increase

Test Solenoid Deloy Responlse Dey
condition activated responev time to 80% response Slope Level

tims (see) of pressure tme isec) (pa/sedi (pal)
change (sea)

Standard 1 0.030 0.227 0.032 1850 310

a. Decreated line 1 .030 .230 .040 2250 300

d~mtr1,2 .032 .067 .210 760 1040

b. Increased line 1 .025 .230 .030 2150 300
diameter

1,2 .025 .067 .225 1050 900

c. Move dynamic 1 .020 .223 .025 2600 300
breakpoint out _ _ _ _ _ _L

150% of nominal 1,2 .020 .040 .120 1050 800

d. Move dynamic 1 .035 .230 .035 1670 320
breakpoint in
50% of nominal 1,2 .035 .065 .210 1408 950

aInsert 20% 1 .027 .215 .036 2250 310I

restriction 1,2 .027 .5 10 10 4
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The frequency response end pressure-current characteristics were not run on this system
because of the nature of the antiskid valve.

The pressure-volume characteristics of the standard C-141 brake is shown in Figure 34. Also
included are the p-v relationships for the increased brake volume and increased brake gain
tests.
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SECTION VII

F-4 BRAKE CONTROL SYSTEM DESCRIPTION AND
SYSTEM CHARACTERISTICS

The F-4 brake control system consists of four basic elements: wheel speed transducer,
antiskid control system, brake hydraulic system, and brakes. The hydraulic mockup used in
the sensitivity studies is shown in Figure 35. The mockup was loaned to The Boeing
Company by Hydro-Aire for this series of tests. Figure 36 is a detailed schematic of the
actual system tested. Table 12 lists the pertinent dimensions and materials used in the
hydraulic simulator.

I. SYSTEM DESCRIPTION

a. WHEEL SPEED TRANSDUCER

The F-4 wheel speed transducer provides the antiskid control box with the required instan-
taneous wheel spevd information. The transducer is a two-part device, consisting of a rotor
and an electromagnetic sensor. The sensor is mounted in the brake housing and is stationary.
The rotor (sensor exciter ring) is mounted on the wheel assembly and contains 90 teeth. The

sensor, which consists of a permanent magnetic and coil, creates a magnetic field. As tile
rotor passes through the field, the alternating alignment and misalignment of the rotor teeth
and thr sensor vary the reluctance in the magnetic current. This results in an alternating
current with frequency proportional to wheel speed.

b. ANTISKID CONTROL SYSTEM

The F-4 Hytrol Mark II skid control system tested is represented in block diagram form by
Figure 37. The system requires active wheel speed inputs. This information is provided by a
transducer located at each braked wheel. The transducer AC signal is converted to a DC
voltage in the control box by the squaring circuit and velocity amplifier. The squaring
circuit converts the sinusoidal wheel speed signal of a square wave with frequency propor-
tional to the wheel speed. The velocity amplifier then reduces the square wave to a DC
voltage. The level of the DC voltage is a measure of the true wheel speed.

The DC wheel speed is differentiated in the rate amplifier to produce instantaneous wheel
deceleration. This deceleration is compared to a fixed threshold value; when the actual

wheel deceleration exceeds the threshold, a brake release signal is initiated. The duration
and magnitude of the brake release is based on the absolute wheel speed departure. In
addition to this proportional control a pressure bias modulation (PBM) circuit provides an
extension of the original control signal afeer the wheel has recovered from a skid. During a
skid, the PBM is charged to a level pr .tional to the duration and magnitude of the skid.
After the wheel has recovered front a skid, the PBM discharges ramping pressure on. To
ensure that the same brake pressure is not reapplied after a skid. (lie PBM is charged to a
higher value than it had previous to the skid.
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Table 12. -F-4 Brake Hydraulic System Mockup

Index Line
Description point length

(from-to) size (in.)

Common supply line 12 8A- 36
2-3 BA- 48

A-system supply line 3.4 8A- 12

A-system metered pressure line 6-12 4A35 36
10.14 4A35 22

A-system brake line 16-18 4A36 560
18-20 1/A" hose 36

B-system suppy line 3.5 BA- 12

B-system metered pressure line 7-13 4A35 36
11-14 4A35 22

B-system brake line 17-19 4A35 304
19-21 1/4" hose 36

Common metered pressure line 14-15 4A35 14

Raturn line 8-22 6A35 12
9.22 6A35 12

22-23 6A35 22
23-24 6A35 33
23-25 6A35 48
25-26 6A35 114
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The remaining component of the system is the valve driver, which provides current to the
electrohydraulic antiskid servo valve for a given voltage input from the rate amplifier.

The Mark 11 system used on the F-4 provides paired skid control to the two main gear
wheels. Paired skid control supplies a brake release signal to both wheels even though onlyone wheel may be skidding.

c. LOCKED-WHEEL PROTECTION

The locked-wheel protection consists of a second rate threshold. When the deceleration rate
of the wheel exceeds 120 rad/sec

2
, a full dump signal is applied to the valve. Duration of the

dump is a function of the recovery time of the detection circuitry.

d. BRAKE HYDRAULIC SYSTEM

The F-4 brake hydraulic system is composed of two pilot metering valves, one dual antiskid
valve, and the associated tubing. The system requires a 3000-psi pressure supply to the pilot
metering valves. The metering valves are pressure control devices capable of metering a
desired pressure level. The two valves, right and left, supply pressure to the second stages of
the right and left antiskid valves. The metered pressure level determines the maximum
pressure available at the brakes. With an independent supply pressure to each antiskid valve,
the pilot is capable of applying differential braking for dire ctional control.

The antiskid valves are electrohydraulic pressure control devices. The two valves required by
the F-4 have been integrated into a single dual valve module, as shown in Figure 38. The
antiskid modale has a common first stage and two independent second stages. The first stage
consists of a capper and nozzle while the second stages incorporate a spool and sleeve
arrangement. The design of this valve is unusual; in addition to the two independent
second-stage supplies from the meter valve, a third supply pressure is required for the first
stage. The higher of the twc pilot metered pressure levels acts as the supply to the first
stage. This is accomplished through logic provided by two check valves on the inlet side of
the first stage. In addition to the supply pressures, the antiskid valve is supplied with an
electrical signal from the skid control box. The signal is applied to a permanent magnet
torque motor that causes the flapper in the first stage to move from the neutral position.
Movement unbalances the hydraulic bridge formed by the first stage nozzles; the resulting
differential pressure is applied to the second stage spool. Movement of the spool allows the
output of the antiskid valve to change. The hydraulic forces on the spool work to position
the spool until equilibrium position and pressure are reached. The output of the antiskid
valve is then transmitted to the brake.

e. BRAKES

The F-4 brakes used on the mockup were an eight-rotor brake. The modulation of "ressure
from the antiskid valve causes the brake stack to compress or release, resulting in a control-
led braking action.
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Brake
Lsystem - io
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pressure

Spool Second stage

Figure 38.-F-4 Antiskid Valve Schematic (Duel Valve) (Shown Deenergized;
Full Pilot Metered Pressure)
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2. BRAKING SYSTEM CHARACTERISTICS

During the analysis of : hydraulic system, various system and component characteristics
were measured. The dynamic response of the standard F-4 brake hydraulic system is shown
in Figures 39 and 40. Figure 39 plots the system frequency response, while Figure 40
represents step response. The dynamic response data resulting from changes to the hydraulic
system is compiled in Tables 13 and 14.

The pressure-current characteristics of the antiskid valve are plbtted in Figure 41. The effect
of varying the metered pressure is depicted by the three differen' curves.

Figure 42 plots the pressure-volume relationship of the standard F-4 brake. Also included[: are the p-v relationships for the increased brake volume and increased brake gain tests.
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Table 13. -F-4 Frequency Response Data

Resonance Phase angleGain at Frequency

Test point fre. resonance at reso- at 90 °

Teat quency or nance or phase angle
pressure .3 dbf or -3db -3db ha an

quency (Hz) ( (e) (

Standard 2000 100 2.8 5.0 73 3.3
200 4 3.9 81 4.2

10u 100 3 4.5 79 3.3
200 3 2.1 60 4.1

a. Decrease line
diameter

b. Increase line 2000 100 1.6 .2 29 3.1
diameter 200 2.8 .4 38 4.3

1000 100 2.6 1.8 86 2.7
200 3.2 1,8 65 3.7

c. Move dynamic 2000 100 5.4 7.9 81 5.6
breakpoint out 200 6.0 5.2 64 7.1
160% of nominal 1000 100 4.4 6.2 74 5.0

200 6.0 3.8 86 6.2

d. Move dynamic 2000 100 2.2 2.4 77 2.5
breakpoint in 200 2,6 1.4 71 3.2
50% of nominal 1000 100 2.4 1.6 76 2.6

200 2.6 1.0 69 3.3

a. Restriction 2000 100 2.8 3.7 78 3.1
200 3.8 3.6 73 4.2

1000 100 3,2 5.1 85 3.3
200 4.0 2.5 88 4.1

Test not run
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Table 14.-F-4 Stop Response Data

Response time to Percentage pres.
Pressure Delay response 80% of pressure sure overshootTest condition step (sec) change (sac) of step change

change Pressure Pressure Pressure Pressure Pressure Pressure

increase decrease increase decrease increase decrease

Standard 0.2700 0.040 0.035 0.252 0.077 4.4 0
0-2400 .040 .022 .245 .067 5.0 0
0-1350 .060 .020 .270 .010 8.9 0

600.2700 .020 .040 .110 .075 5.7 8.6
600-2400 .020 .023 .105 .055 8.4 10.0

a. Decrease line
diameter

b. Increase line 0.2700 ,03 .022 .360 .065 2.2 0
diameter 0.2400 .03 .021 .340 .057 2.5 0

0-1350 .045 .022 .290 .065 4.4 0
600-2700 .017 .037 .210 .070 2.8 15.7
600-2400 .017 .022 .185 .052 3.4 17.3

c. Move dynamic 0.2700 .025 .022 .210 .045 4.4 0
breakpoint out 0.2400 .023 .010 .192 .033 3,4 0
150% of nominal 0-1350 .047 .012 .220 .045 6.7 0

600-2700 .010 .030 .080 .047 4.3 12.9
600-2400 .010 .010 .070 .027 10.0 13.4

d, Move dynamic 0.2700 .050 .045 .300 .100 4.4 0
breakpoint In 0-2400 .045 .030 .286 .092 3.8 0
50% of nominal 0-1350 .057 .032 .300 .135 4.4 0

600.2700 .030 .050 .145 .095 5.7 7.1

600-2400 .030 .032 .135 .08U 6.7 8,4

a. Insert 20% 0-2700 .040 .035 .260 .060 3.4 0
return line 0-2400 .022 .020 .240 .070 3.8 0
restriction 0-1350 .062 .020 .260 .115 6.7 0

600-2700 .020 .040 .117 .075 5.7 8.5
600-2400 .020 .022 .107 .057 6.7 10.0

*Test not run

76



C.,

{lid Il~lie~ i~ll4.

47"



IN Ic
~. ~, 0 t

IId .ntadBW



SECTION VIII

REGION OF ANTISKID SYSTEM OPERATION ON MU-SLIP CURVE

The purpose of an antiskid system is to maximize the braking effort and at the same time
prevent tire skidding. The actual level of braking attained is a direct result of the antiskid
system design and implementation. During the sensitivity studies, an effort was made to
measure how effective each antiskid system was at maximizing braking. To determine the
level of operation, an oscilloscope was used to plot ground friction (mu) verses wheel slip.
The ideal antiskid system should operate at the peak of the mu-slip curve, maximizing
friction and limiting slip. Actual systeras operate over a region or slip and at friction levels
lcwer than maximuri.. Early antiskid systems tend to operate over a wide range or slip,

which results in a very low friction level. Present systems are designed to operate over a
smaller slip region near the peak friction value.

The actual region of mu-slip operation is described for each antiskid system in the following
pargraphs. Regions 1, 11, 111, and IV as depicted in Figure 43, will be used to define the
operational characteristics ot each system.

I. Boeing 727 Mark II

The Boeing 727 Mark II antiskid system operates in regions II and Ill at all values of peak
mu. During high-speed operation, the system cycles in region 11 only. However, as tile
aircraft slows, deep skids occur, extending system operation into region Ill. As bake re-
leases occur, the system recovers from the high slip condition by cycling up the back side of
the curve into region II.

2. Boeing 737 Mark Ill

The Boeing 737 Mark Ill system operates around the peak of the mu-slip curve at all peak
available mu levels. At high peak mu levels, the system operates in regi. n I1. At lower peak
mu values (0.1 and below), the system allows the wheel to go into deeper skids, operating in
ref .ns II and Ill.

3. Boeing 747 Mark Ill

The 747 Antiskkd System limits slip " about ,J-30% for peak mu values as low as 0.2.
Thus, it operates predominatelv :a regioi. 1I. As available friction drops below 0.2, the wheel
goes into deeper skids, reach'rtg about 60% slip (region 111) and then cycling hack into
region 11 and the brakes releast.

4. C-141

The Bendix C-141 antiskid system operates over the entire range of slip, regions 1, 11, Ill,
and IV, at all values of available ground friction, The system simply cycles between th
free-rolling to the locked-wheel condition during the entire stop. Thus the system operates
below the peak friction value most of the time.
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5. F4 Mark 11

The F-4 Mark 11 system was found to operate in region I of the mu-slip curve when the peak
available mu was greater than 0.2. At lower peak mu values, the system cycled over the peak
into regions 11 and I11. The wheel progressed into deeper and deeper skids (region IV) as the
aircraft slowed.
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SECTION IX
DETAILED SENSITIVITY STUDY TEST PROCEDURE AND SEQUENCE

1. TEST PROCEDURE

The sensitivity study of the braking segment ,'onsisted of nine separate system test., The
tests were implemented as the system par; were varied, one at a time, to determine
the sensitivity of aircraft performance to i. le I1.' tests can be divided into three
categories:

0 Stability studies

* Performance studies

0 Hydraulic system studies

The tests performed in each of these categories are outlined below.

a. STRUT STABILITY STUDIES (Test 1)

System stability is directly related to stopping performance in that severe instability will
result in loss of braking and can present a serious safety hazard. In this study, the ability of 1
a biake control system to contribute to the stability of the landing gear was evalualed, The
stability margin of the system was determined by finding the damping required for stability.

The purpose of the test was to determine the contribution of the brake control system to
landing gear oscillations. During a run, the brake torque was caused to peak from its
nominal value to its maximum value numerous times during a stop. The timing was varied so
that the steps would occur during all operational modes of the control system. fite strut
displacement was monitored to determine the influencee of tile control system oil strill

stability. Two gear frequencies were evaluated to cover the expected range of nat iral fre-
quencies for the system. Gear damping was varied to find the point where the system
becomes unstable.

Gear compliance and its effect on the wheel perturbations was also tested. 'rite ability oif the
system to dampen gear oscillations for two different complianceo was assessed.

b. PERFORMANCE STUDIES

The brake system was evaluated under four different conditions chosen to provide a
measure of its performance capability. These include airplane touchdown dynamics,
stabilized landing, step mu oliange, and wet runway. Of the four tests, three fall into the
general category of system adaptability to typical operating conditions. Icy or wet patches
on an otherwise dry runway were simulated by the step mu test. Typical load changes
encountered during high sink rate landings were simulated. Mu changes with speed as
encountered on a wet iunway were evaluated. The other condition covers the general
category of stabilized performance.
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I. Touchdown Dynamics (Test 2)

The purpose was to determine transient response upon touchdown. During testing, the air
vehicles were braked at a preselected brake application speed VA. During the braking run
from speed VA to VB , mu was varied in a manner to simulate a typical touchdown load I
profile of the airplane being tested. The available ground mu was restored to its full initial

maximum value when braked-vehicle speed reached a value of VB .Full pilot metered
pressure was available during this and other runs, unless specifically mentioned otherwise.

2. Stabilized Landing (Test 3)

The purpose of these tests was to measure brake system efficiency under A stabilized braked
condition and to determine the skid index an~d cornering index. The tests determ~ined a

baseline performance for each system.

During the tests, the vehicle was braked at a preselected braked speed VBA. Braking was
continued until the vehicle was brought to a full stop. During these tests, the available
maximum ground mu was held at a constant value throughout the entire run. This value was
varied from one run to another to cover the entire range of available ground mu (0.05, 0.1,
0.2, 0.3, 0.4, 0.5, and 0.6). A random noise generator was used to input a disturbance on
mu to simulate a typical runway roughness profile for selected conditions.

3. Mu Steps (Test 4)

The purpose of this test was to measure brake system adaptability during adverse runway
conditions, Such ats tar strips or icy patches onl the runway.

The test was designed to simulate sudden changes of available ground iu resulting from
water puddles, icy patches, or the presence of tar strips.

The braking run proceeded for the first few seconds with a high available mu. Then the first I
of several mu step changes occurred. Each consisted of a pulse width of 750 milliseconds
dropping the mu to 0.1. After each pulse, the mu was restored to its high value for 5
seconds. Thus during the test, the system was subjected to several step changes so that its
operation under a variety of conditions could be observed. A poorer performing system
encountered more step chLanges than a better system.

4. Wet Runway (Test 5)

The purpose of this test was to study system performance tinder adverse runway condi-
tions. During the test, the value of peak available ground mu was made to vary from a low
value at high speed to a high value at low speed (Figure 44). This relationship is representa-
tive of the available ground mu normally encountered on a wet runway. The value of mu at
high speed was modified in some cases to allow the wheel ample ground friction to spin up
the wheel,
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5. Hydraulic System Response (Tests 6 and 7)

Frequency response ana step response tests were run on the brake hydraulic system. Fre-
quency response tests were run over the frequency range of 0.5 to 50 Hz and at amplitudes
of ±100 psi and ±200 psi. This test was conducted at mean pressure levels of 33% and 66%!ii'i~iof supply pressure.

The step response curves consisted of the following steps indicated in percentage of supply
pressure:

From To

0 50
0 90

100 20
4100 0

90 20

The input to both tests was valve current, and the output was the pressure at the brake.

6. Antiskid Valve Characteristics (Test 8)

Static pressure versus current curves were also run on the servo valve for each airplane at
metered pressure levels of 33%, 66%, and 100% of supply.

7. Hydraulic System Pressure-Volume Characteristics (Test 9)

Pressure-volume characteristics were measured for each brake The test conditions are listed
in ASD-TR-74-41, Volume 1, Section V,

2. TEST SEQUENCE

The sequence of the tests is given in Table 15.
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Table 15.-Test Sequence

Condition Test Variable changed

Airplane

Baseline 1.9

la 3,5 W, iy, vB

lb 3,15 W, lyy, vB

2a 3,5 HB,

2b 3,15 HB,

2c 3,5 1yy, 'A, LB

2d 3, 5 1lyy, LA , LB

3a 3, 5 Yapp

3b 3,5 Vapp

4a 2, 3, 5 Spoiler time

4b 2,3,5 Spoiler time

4c 3,5 CL, CD

4d 3,15 CL, CD

4e 3,5 Feo, Ke

4f 3,5 Feo, Ke

Be 1, 2, 3, 5 Pressure application rate

6b 1,2,3,5 Pressure application rate

Sc 1,2,3,5 Pressure application time

5d 1,2, 3,5 Pressure application time

Runway and Environmentel System

Baseline 3, 5

Is 3,5 Vwind

lb 3,5 Vwvnd

1c 3, 5 Vwind

2a, b 3,5 OD

3a 3, 5 Runway roughness

3b 4 Runway discontinuities
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Table 1. -Tes t Sequence (Continued)

Condition Test Variable changed

Landing Gear System

Baseline 3,6

and greaterl

lb 3 (0.4 mu MB
and greater),

1C 1,3,5 TBP

Id 1,3,6 TBp

le 1 ,3 Break frequency

*If 1, 3 Break frequency

Ig 1,3,5 TB0

In 1, 3, 5 TBG

11 1,3,6 TBG

1) 1,3,5 B

2a 1,3 p - Slope

2b 1,3 M -a Slope

2c 3, 5 R, lw, Mw, wet runway mu

2d 3, 5 R, lw, Mw, A, wet runway mu

2e 3,5 M - ashape

2f 3, 5 p -a shape

3a 1, 3

3b 1 3Ni

3c 1,3 Ks
3d 1,3 Ks

3e 3,5 KoKon

3f 3,4,5 K o

3h 3,4,5 Co, Con
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Table I.-Test Sequence (Concluded)

Condition I Test Variable changed

Hydraulics

Baseline 3,65

Ia 1,3,6,7 Line diameter

l b 1.3,6,7 Line diameter

1c 1,3,6,7 Line length

Id 1,3,6,7 Line length

le 1,3,4,7 Return line restriction

if1,3, 9 Brake volume

1g1,3, 9 Brake volume
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SECTION X
PERFORMANCE INDICES

Tables 16 thruugh 25 contain the numerical vahies of the performance indices for all of the
aircraft tested. Listed for each test condition is the available friction (mu), airplane braking
distance (XA), perfect braking distance (Xp), braking distance efficiency (ns), developed mu
efficiency (17)), skid index (SI), and cornering index (C).
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Table 16.-727 Baseline Braking Data

Condition Mu XA Xp '?s  '?D SI CI

Test 2:

Touchdown 0.6 1418 1087 76.66 71.50 24.82 53.76
dynamics

0.5 1574 1259 79.99 /4.01 24.64 49.96

0.4 1854 1505 81.18 73.37 18,80 46.46

0.3 2494 1893 75.90 64,60 19.33 35.48

0.2 4872 2595 53.26 38.82 15.45 28.85

0.1 9107 4321 47.45 33.89 7.26 25.78

Test 3:

Stable 0.6 1278 1087 85.06 15,21 29.05 53.72

0.5 1456 1259 86.46 75.63 24.20 51.42

0.4 1750 1505 86.00 74.24 18.97 49.12

0.3 2250 1893 84.13 69.76 16,65 41.81

0.2 4192 2395 61.30 47.19 15.99 28.31

0.1 3762 4321 49.32 34.16 7.37 27,07

Test 4:

Mu steps 0.1 to 0.5 1734 --- 64,27 18.83 51.81

Test 5:

Wet runway 0.05 to 0.05 5010 3328 66.43 44.91 1535 17.33
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Table 17-727 Sensitivity Test DataI

9~Y wu~zw XA X z t e

9.O 1

W~t~inDI- Bfl.5s I I

TOUh~W4~ot1. .6 914 4C~ 1,C . l'S 6C

Btailltd ~winm .6 9 AZ.6, C

.293f *.sA



Table 17-727 Sensirihity Test Data (Continued)
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(__R.03 q' SS -.sIT~m Proilt1,70 7 l
D~~l ~lii .6 !SS i Z8 o 9,6S940 .Z Z6~'I4 3JL.9

04 %1 lh n. Bl...ut SOA I..%'w

4.94



Table 17-727 Sensitivity Test Data (Continued)

mlei Imsz 'A I l Fg n. OR

lb. ThIMt m54 I44 I. U S0
.1 IS."4 4I444 M1.. 1 44, 4. 1.

'4414O44.!OR -7'I 12.q,4 7'.~ Z4.14%.

MoaI Pro 4. .4. 4 ~4051 144 443 h7Is 41t t..51

.2 ~ ' S 4. 4 e4.44? 'IN.41 1? .03,

_ _ _ _ E 'A3

-It 5



Table 17-727 Sensitivity, Test Data (Continued)

.1.4. Z1I As,5O S1 77.15 1 z.10,

6.%G11, b ^Mim 4017O 1%0. 75.7!., sz 477 L49 *-'s

i- FS 'Al .Sso b6.1 S.1 t.It .1.
4.b1Id ~n . 7 SC. "5 59.80 45.1A 79.9 Ift 14S

7. 77.14446 1 81.4Z -S7.% 71.40 4 1. &1
24ZZ.2422. ( .1.1 7.4 75,.00 1 9.1-1

01157 WW" 77 4.4%'7 153 50

-- s R97.l 95 4.15 75.OZ 44 a,7

419 IL 1% 6Z .2M 4& 5, I
1______________k__ I

Btbll, ,- - B AO lt,41e.96'.



Tat/a 17.-727 Sensitivity Test Data (Continued)]

13 IA~ W I P it. "bo I a

1.101 %5. %11 %11 4

SUL0 15,1 2.4 76 7..~4.~

1111,11.4Wdt E6 N 1 1094 11.7o 13 62.74
I,>1 5605 To . al. i1 02

ItI
A1 A'N51 14 52.3 JA1. 0 15.9 51.02

.6 It 1601 as.$& 11.1. tb.b ,-.Z

W14 03 .. 6 G. 26 V 1.A-

41.701 3SI .7A1 V1.9 14A.6 6.I9

6090s 269 .9 1 %3 7q .7, 3761s AA

4307 I OST 11.04 Sb.4% j 4. -L 1, .7
.'4Z3 ISO %%14 IZ44L 9.22 1.".9h

3 3 184 4.01 3.5 26.0 S.7. 11

414 01 611 4 1.06 4.1 IC. M 7.6.Al

Mt4Wf Ti03 

3.1 9 
%69'5.1 20

1 - 1 4 51.. 3 1.?0 141 S S 1. %6 1.3

974 J'j



Table 1Z7-727 Sensitivity Test Data (Continued)

Undn, Zam i0% ti.z %. (.! i Z,73

%1 - ,Os 111~.011 S 4 .714 -1 .'!I

.2 -1! 15-K 9 86. , 8911 18.08O 4.14

Bt~bli.. L.11n, 6, 14 W11, 1q6 815.00 11 .s 4.9

.41156- 1505 SS.-01 86.-6f I8*7 47.04

3,l 0.iit fi I-.1 88 6 8. 8.

. 6 25945 1.1.64 49.64 So8.9

A 109 0 12.02 10 %.1 4, I
.4 2 11%% 8.S5.64 1.41 T .4Oz.Q,0o

. &2 4 1 1594- 1.%S8 48.6 1.1. 2isl

,4miite 1.,il .6O %0 18 1.m. v0.-4 1.15 4 40

2 4a ts-'' 6MS 47.44 b56. 4 .3

HILL211120ALS 981



Table 177-727 Sensitivity Test Data (Concluded)

6 114 S S 18 !.? -1 .

4Z 11 .b1.6 t o I LLb 41.4t ". Lt 2i

kro 700, in0 5%0 r Pi0 .1

S-1 15A2. 46.-.
.99 i. 1.% %.$ 118 1.4



Table 1&.-737 Baseline Braking Data

Condition Mu XA Xp 1s J D Si C1

Test 2:

Touchdown 0.6 1237 914 73.80 77.14 27.10 51.82
dynamics 0.5 1348 1063 78.86 80.63 25.13 48.15

0.4 1649 1280 52.63 83.12 20.84 45.40

0.3 1896 1626 85.76 84.53 18.00 43.10

0.2 2561 2263 88.3d 86.54 10.92 39.38

0.1 4342 3883 89.43 57.84 4.95 37.44

0.05 7528 6439 85.53 83.64 2.22 36,56

Test 3:

Stabilized 0.6 1063 914 85.88 0.2.90 32.09 51.22
landing 0.5 1215 1063 87,49 85.20 27.22 46.84

0.4 1440 1280 88.88 86.00 21.59 46.84

0.3 1796 1626 90.53 87.41 16.06 44.84

0.2 2454 2263 92.22 88.49 10.57 42.04

0.1 4182 3883 92.85 88.53 5.28 35.63

0.05 7079 6439 90.96 31.94 2.54 32.12

Test 4:

Mu steps 0.1 to 0.5 1399 ... ... 71.88 20.76 54.81

Test 5:

Wet runway* 0.05 to 0.06 3207 2722 84.88 87.83 6.69 34.10

An average of data from runs yielding XA values of 3171 and 3244.
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rable 19.-737 Sensitivity~ Test Data

AnNJ 'Adi Pck

Ant Poles 4' '11 1'' 0.9 4 6 .1 '0

Li! ""I M" )5.0 0.1?, A,0II

z0 ~te49 11 1 11-.,7 -A.4 17 4. 380Z

.6 016 019 ns-, 1141 "06 30. 3'.

ttl.4L iI. .6 3001 tO At'S1 )3144 0 4

.2 T469 114 UIA 88.4$ g:1 Ole5

- ~ ~ ~ ~ ~ 9 I 9 1 1 r 140 L- . I4.4 2. 3

.6 017 ti- I ,~s I A!, Ii iStA 4 .0

.4llhl0 144aq . 4 17 BA'.. Rll.t I 4.0'. 44.18

. 41>1 2116 Al .'4? R A 4,1 lb. GS 4 1. R

Wi 16201 AbR4. 06 IS' 90.4E1 .901 3 0.

________________________ Lml .6 I,. %1.41ro 10 .10 4'l.1

.4 150t II- ? b.0 I RIti 0,41' 41.04

.101 l si. .S1 15;



Table 19.-737 Sensitivity Test Data (Continued)

kb1A D1.2 BD.25 85.03 2..1 t58.

IC4 14 , %W. 14.O 4..

5S50 1814 85.4 4.1%0 V).0 5.

. 4OZ 144 %.61B 82.44 11, 1 45.18

r6 78C . S1. 95 80.14 
4n.50

A~l 08 ' SI. , - 6.4 M S1&4

HL~~~t*L.E 4%.S1~A1Lti~t

.41. 445 1440 88.0 % * 1. 4.0

254 q or
Zel%702-11 4.5



Table 19.-737 Sensitivity lest Data (Con tinuedJ

NO."2 Looli .6 lo1t9,q% 1i R..1 %.BI .*j (.5

.2 Is 6%~ m21. 4 7 85.714. 8 4 40.04

SZ4le .0m . '.1 Zltt 84.14 1.8 7.~ . 1 . 7 0 94.0,

7- m -. ft f l 21.3 08 E 2 24 5 ?Z3 2.0 5. *; C 5. 14 4 .4Z 7

o~ So.49 1.... 4 4. 6. 11 5. (

.2 IS-^ 210.1 4.0 B1.5 I S. 4 46.04

_tb1z,1L d, 6 l, ls I 64 14. 40
OtO~ll.2 =.20 ,a a lt 7 54!1 0. 4 .41

22 1.70 03 .41. 04 . 4 . 43,.04

1030



Table 19-737 Sensitivity Test Data (Continued)

*. 4 1 ' s 6.rg 1 .44 4w..64

02 V 96 .Iosi ". 2 41 .05 .

Ftbla 1Ai. .6 4264 a17 9.(. 5 .15 s . 9 5 2 4 6. 5

Stabil,4 049i .6 514 5.6 610 4.

.tt6 4 1.?4 434
104-4 a .%



Table 19.-737 Sensitivity Test Data (Continued)

13= wnZ 'I A 21. 11's.4:

Stattttnt Urlt . 1240.t %S-6.5 %S.14 .08O 4q.(.4

.2 140.3 %1. 59.11 %5.45 11.0Z 4Q. I

0.074 Otto. 971 a40 055 ~ 37. FA.5

91 1 LIZ? As. to 11.00S26.0.0

St.1,t111W nLw., 16 1-t -N'S %.1.O 83. 14.03 50,82

.1 435 %,. sq..) !,.S. 1L4%6. 4L.02
0474 700.3 4!447 a83 .,4 -0.11

Ift-w Z 3 20 070 L 4.-.S 90.40 41.30 33.94

10 ,% b- 51s I 61 1
?.4Q.4 1 t.. 2 4% I. 14 %,.8t, 1 6.%Z

R--08 ?7107. 64.06 57.0. 6.% 1A5

.4144 72.43 s2.S4 t,.4 40 .is

L464 -1.3 %1.6+3 b9.10 4.17 02.97

I4C20 t ts. 1 4.401.9 .- 44

80 7. iL0 S444 79.&7 4.40 ta.t

. 1014 9I 4No.04 89.04 Z10 9,40
419- 'La. 43,. g23 39 54

bZtt.~ 014 21 38 .4 4. AI I.4 0.4?

1454 2280 B4.51 I00 0.0 4t.1%t

1034 R!tt 90.00 3.8 2.08 16 4 .A1.

9Z It PRtk6I%
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Table 19.-737 Sensitivity Test Data (Continued)

X.1 ftm6 "W14 Va: M21. I I
cta 7q4a K Z 25& 1 so.

f "sr-0~ att~. 9.11 S54 1.IZ 7

_42 ItIa 41 64 .& IO

Z 46S ZIGS . 66 6.164

.6 9, . %1.14 0 4816 4 IM q

.4 42 %Z80 S'. 3 1.904 65.1%

Stbitlnd Uandtn .6 1.1 11 - R6.lO a,~ t6,. So. 1

1 40 1tO &&



Table 19-737 Sans ivity Test Data (Concluded)

ZI,aq .6I
.2 ZS1 2t6 73 I!fS.255 . 42.e24

110.5 zsu 1A.). .1-14 t kBO 4-45 19 "0 5-2
10761.Z-1591



Table W0.-747 Baseiine Braking Data

Condition Mu XA X, 1 77 no SI CI

Test 2:

Touchdown 0.6 2138 1709 79.93 87.26 23,22 47.63
dynamics

0.5 24ES 1983 80.77 86.62 18.92 47.34

0.4 2910 2382 81.86 88.12 15.67 44.43

0.3 3661 3016 82.35 88.30 11.50 43.94

0.2 5094 4183 82.10 87.90 7.50 42.46

0.1 9086 7189 79.12 85,64 3.12 46.06

Test 3:

Stabilized 0.6 1905 1709 89.71 89.58 25.96 49.16
landing 0.5 2206 1983 89.89 38.96 21.44 47.81

0.4 2630 2382 90.57 89.06 16.50 47.28

0.3 3308 3015 91.14 88.64 11.59 47.28

0.2 4598 4183 90.97 90.92 7.40 44.98

0.1 8222 7189 87.43 89.88 2.74 48.64

0.05 15916 12255 76.99 84.05 5.37 59.85

Test 4:

Mu Step 0.1 to 0.5 2850 ... ... 68.90 12.34 59.78

Test 6:

Wet runway 0.05 to 0.5 6809 4183 61.43 83.02 4.26 51.82

:1
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Tab/e 21.-747 Sensitivity Test Data

.2 504b 460 91T 99A5 - 45.1-1

4 .6 904Ii 5 1-7 -"19 41 4514.

. 2- 47559 4t9 90.G. 901 WS .S 4%.%5

V700 6.09.9 %A0. -16.5L 4.1Z 468

.2 14 j024 90.%I 88.41 74.65 41.87
$6S 45 S R75 109.. 94.31 Z.I S14.15

awL". 6.0 T 8' PA.90 N7.7 4.0 .

.7. 1,16 2.48 910.997 64.140 6.14 41.4s
4. 13 9007. -0C, 140.17 1 1.,, 44.9-L

105 (.69. 836.4 '8,77 4.80 54.7

1571 Z%2474 9O16.47 14,40 4.S.1

.6 'I.M 9QI911 '0.60 21.01 4%.Z4

9. 0 1..1~.4 0210 ?G4 4DA4 %9.64 1.14 047.40
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Table 21.-747 Sensitivity. Test Data (Continued)

mon mU .Me ~A p 8s it

49320 449, 91.bK SU. 6%7 6.90O 41.05
,~5(.%ZO 70.14 1%.% 1.45 539

31-S- ?65 .04.1 549 3.5 4S.57

5t149 44 5*.55 57 1.14 4,.. 0

2S07 22b4 -11o2 093l1$ 46.IL

$494 ti4It 90.47 4Z.$, 11.1 41@ '
674 0.0 5 1 .37 5.46 41. t4

io~ M0~5.1% 19.36 M.105 365

t905 31.1$$3.4 90.-1 24.4.4 b4 I

I5 5,40.0 $45O %0.04 41.^4
0400 4616. S9.09 b$.3*7 6.14 4S.'14.

W~111%5 (.674 114,1 15.9 1.45 06. 54

t31419$ J- . 157 914.5 1.14 41, V7

$1.66( -I5 $01 9 0 1

.154J.44%0 0.f 1 . .05 45.14

S607 1061 50,7 , 1. 1. 1 6.1

Z 66! 1441 93.9 I02 1.0 41
.2 410Z 42474 941.409.1 .4. 6

O~tilI0 3.-1 I . t' (6I 835 .S% 14 30 3.0 41.94

p. 4 14.1 0051 A40L 9.94 1.0fi 46.1

.11



Table 21.-747 Sensitivity Test Data (Continued)

sub4i~l4 RI~ 61 110% '1Z6 'it 6t44 2S.6, 46.30 .~ pI..I _____

,4 76so Z % .~ 10 .S7 lttl % 6.1 1. 

.2 41,5 AII& 11S J 3 -. 6. J .

.2 R. f 5 ~ 5% Pil.3? %(6.47 51, 050 I
.? %Io. 201%70 %,.4Z 91,1,6 14.65 1, 11

TogMo ~ ~ ~ It 6.tl 6 90 .I,*1. -17 1.48 5511$.40

.4 24854 7ZO5. ?.t5 .%4.1n 1.13 4q. 47
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m N-1.. 21- t 4.0 -,,Wd. lr T hd

__ I) L "
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Table 21.-747 SensitivitY Test Date (Con tinued)

41110 INCM A 1 I 0 . III ai

5tiim Idm - 046 4 115 94.1 .7 1.1 1 SA
s0s 9 p4' . 170.&S4 41.
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4441. t.AZ 7 . 91. 99 S~
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M,4,A ~ 6 1.4 5571 90.07 1.5 .7 55

U10 14 90.05( 90.5 14.1 MI.
.410 40906 0. 91.1 5 %, . 11 I. 0 4.

(...Is 530s .1 5.14.E I .41 51,9

R-h Ul 5 1 0 
0 5  50.5 05. M OO

4 l7 "is ?%8z M 1.01 1.1.I 4N., 14I4 1FS 4.7 i-t 47 45
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Table 21-747 Sensitivity Test Data (Continued)

"t .!u1149 0N4% P'. 1'.7.10) 3.~ Ot ?.%g

ItL0.60 m. !se I6 .8 316 90.W3'0 03. MOB - 0. 05
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U15?1 "Itz0 14.8 S 9L 8 6'31.64 41.s4
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Table 21.-747 Sensitivity Test Data (Continued)

St~btU04 110%d~ 6 95 7 Z Z4.17 44

69.45
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8~s t ,6, 8%39 526 . 5 1'5 4 o0 11 41,
-4 -4 11 51.5 %%.SO 413 41i
4501 16 5.5 0. 1 1. 44

1 . 1 feI.4 13101 1.9 67O.21 3.67 4%.9C

I.z60 i113 5.6j 90.14 0.6ZO44-11o

.2 ,7 476 Z 45.67 45.50

1. (. 09 1 ,4 1 3. 55 60 .97 6. 4 5.19

Z113 i l .16m 7 19 55. 4 21. 47.5)1
4 12 401 & 61 1.4 7 9 4t,4 -o 14.5
(.1.540 511 e 3.5 11.45 4.04 401

..Knr... .n !.t. CIA-

5t~iIl~u Usd113 6 15n I 115 9l1.b4 '1.415 t! 4.
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rable 21.-747 Sensitivity Test Data (Concluded)

IZ~A ItZRI ff 1 p Pe its It a2

. w, 1915*.~ 6i 1.

.2 45 Z l'. 9.15 15.5 .9 1'

28 1.6 IR5 "09 40.14 it-5 5.0 9..

.2 419R1 8LS 6 .2 R .1 41.119ZI
. 4S'71 4151 8-.1. II? . 08 5.,.4

115



Table 22-C-141 Baseline Braking Data

Condition Mu XA Xp 7? SI Cl

Test 2:

Touchdown 0.6 2064 1227 69.46 55.84 27.96 40.98
dynamics

0.4 2975 1693 56.91 50.24 23.49 29.46

0.3'

0.2 6045 2897 47,9. 39.03 17.51 11.70

0.11

Test 3:

Stabilized 0,8 1841 1227 66.65 56.88 26,09 44.67
lending 0.5 2223 1418 63.79 65.30 23.06 40.32 i

04 2752 1693 61.52 52.59 20.71 34.92

0.3 3813 2123 55.68 40.97 19.26 2F.23

0.2 5650 2897 51.27 38.78 15.03 18.53

0.1..

Test 4:

Mu steps 0.1 to 0.6 2461 ... ... 53.20 20.98 38.36

Test 5:

Wet runway 0.1150 to 0.6 5033 2996 69.53 41.91 17.84 21.14

Test not run.

System would not operate.
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Table 23. -C- 14 1 Sensitivity Test Data

-mm Anzw 'r pa. Is,' a

8 9 IS 1 1 11 7 1

2b 74 200 it,6 .9. 9

L.lg . w? '4 %3 3.3

.. wu. 175 (.44 -. 14V 8*@w S~ oau

.2 S 902 4%%b . 4.

10.040. f.1.41 e..6 64
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Table 23.-C- 141 Srsojivity Test Data (Continued)

.6 z!1447 G%9 k lt.fA1 41.00

'7 qizo 4q .10A mq.9 51.is.o
%I., i 4.

4 t 9? 1170 A .4% 9 .11~ 2..11 6~.4%
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51.oO 5 1090 4.97 I.9

.I,7 M944 0.44 11,15% 14.0o M07

W.7500 50 441 00.7.90 I 4.40 A.61 .7
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Table 23.-C- 141 Sensitivity Test Data (Continued)

W' I A F No -fa a I a
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Table 23.-C-U14 Sensitivity Test Date (Continued)

28 M~t W - MhI Alte

et'Hi1AHod E im .!Z4I (.4.1,0 54. , 21.3, 15.si

2222 . I( -I s 403.8 C3& -. 1 1.41
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Table 23.-C- 141 Sensitivity Test Data (Continued)

[ gnuua, I 'A. Ii XP na1 4 Ia

'WI! 71 44.. % 42 .01 5 iI1

wn wn .j- 93 5-q. b;7- SI.41 91.4 .
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4.2 1 744 1 - 1P.b 4..? , 4
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- 1, 161 ~l 7.0 % .0.49 17 40.4.1
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IS!,- 46! 12 9 , a 5.94. 14 14.4 10.00C.
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Table 23.-C- 147 Sensitivity Test Data (Continued)

COMMM, ' I nsi it a66. Ix a8..

.6 2%, I 671 .14 41M.7 66 2. 16

.2 II?, 1 1 .416 1666 4.1t. 19.4
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Table 23.-C- 141 Sensitivity Test Data (Concluded)

.6 %47V 442.' 46 W S to 2.? 45.4
h "iiol it,3 (.1.4-7 0.10 "1.,,Z 5Z.I

. 9 Is" 52.y 51-i1 1.11 1.1n r

.6 IS1q Z24 . 45, 44.10 "1 iq 461 -

.k 5 44 ,6 -555 Og S 0 .0 4076

.2 561-j L651 44.%Z_ 15,0 IS 31 96.4

. 16 117 11 7 1.6 .2 5 6,-7 ZS.? 4(.l.S

.4 Z.%7 %f26 6.5 Z 41.91 ZI. SS t 0-~7

.4Z k40.91 7.I5 6.1 .fiz

St2bil *I .7 (aI.,I4 . 5f.L 2.I. 14 44,7 I
.4 1.9 5 a .* 4..9 i.n 34.2-7

j 65 ?,%-I1 51.24 O6, .-I iso . 1. S

A L Z4 '1 1693 9.4. Wt SI. 50 _.5 Z 2." 5S.45

13 Z S91 2.I 6 S4 .9 4 4.Sl
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Table 24.-F4 Baseline Braking Data

Condition Mu XA XP 17 D7O Sl Cl

Test 2:

Touchdown 0.6 2898 1876 84.73 51.69 5.03 70.78 I
dynamics

0.5 3371 2133 62.39 46.05 2.79 74.35

0.4 4037 2415 59.82 39.74 1.50 77.00

0.3 5473 2875 52.53 26.35 0.22 84.20

0.2 8654 3645 42.12 18.12 0.06 90.31

0.11

Test 3:

Stabilized 0.6 2768 1876 67.82 51.11 4.88 73.45
landing 0.5 3273 2103 64.25 43.94 2.43 76,45

0.4 3974 2415 80.77 38.62 1.04 79.12

0.3 5281 2875 54.65 28.75 0,10 85.42

0.2 8593 3645 42.42 18.38 0.07 90.04

Test 4:

Mu steps 0.1 to 0.5 3833 .. ... 44.79 2.48 75.38

Test 5:

Wet runway 0.05 to 0.5 5890 3766 63,94 29.91 0.12 84.13

System would not operate

System overloaded

12I
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Table 25. -F.4 Sensitivity Test Data
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Table 25.-F-4 Sensitivity Test Doata (Con tinued)
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Tab/e 25. -F.4 Sensitivity Test Data (Con tinued)

II
61 1 W A 1. W 1,4 .6 Z , 4 1 1 1 4 (.1 - .0 4 . 17 1 2 ,11

.2 B0 1o6 " 44.31 1'7.13 j), r
"t *, -11 3144 45A% S U..Z5 .1

T-4 t~l1 . L_7- A68 ' 4. 1 3A( 49 ( .57 71. 1Z

.2 7 666% 9 16- 4.9 16.41 1.03- 90.t

1271



* _ 2 T

Table 25.-F.4 Sensitivity Test Data (Ccrntinued)
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Table 25.,44F Sensitivity Test Data (Continued)
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Table 25.-F4 Sensitivity Test Data (Continued)
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Table 25. -F-4 Sensitivity Test Data (Concluided)

.4 3 0z41S .j. 6 1. ~.?! 77.1

bL a 3.45 4Z~f07 WA.S Ob2 1 1.0

13



SECTION XI

STABILITY TEST RESULTS

I. STRUT RESPONSE DAMPING

In addition to the performance studies, stability studies were conducted to evaluate the

tendency of a skid control system to contribute to the stability of the landing gear. These

tests were designed to measure system ability to provide damping to the strut motion or,
conversely, its tendency to couple in the oscillation, thereby causing divergence.

The fore-aft damping in the landing gear model was varied until the point of divergent gear
oscillation was reached. The damping ratio was then determir od at this point. By comparing
the damping ratio of the baseline airplane to the damping ratir resulting from a parameter
change, a qualitative statement may be made about the effect such a change would have on
gear stability and stopping performance,

The damping ratio is a measure of how fast strut oscillations are attenuated. To determine
the damping ratio a step torque input was made to the strut model. The resulting strut
displacement was monitored as a function of time. The damping ratio was then calculated
from:

21rn

wnere:

= damping ratio

n = number of full strut oscillations

Ao = strut amplitude at time zero

A(t) = strut amplitude after n strut oscillations.

The damping ratios and the related test conditions are listed in Table 26 for each aircraft.
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2. MU-SLIP CURVE SHAPE VARIATIONS

An important aspect of the landing gear model was the simulation of tire-runway friction.
For the sensitivity studies, the coefficient of ground friction was taken to be a function of
the percentage of tire slippage. The actual mu-slip curve used for the baseline condition is
well documented thioughout the aircraft industry and is the result of numerous test pro-
grams. These tests have pointed out that vari,!a, tire and runway parameters have an effect
on the actual shape of the mu-slip curve. In addition, each skid control system has a
significant impact on the shape because of their difference in thermal management. This
affects both the peak P'u and slope of the back side of the mu-slip curve. The relationship
between ground friction and tire slippage was changed and braking performance recorded to
evaluate the consequence of different mu-slip curves. The mu-slip curves used in these
sensitivity tests are depicted in Figure B-5, ASD-TR-74-41, Volume I, Appendix B, along
with the baseline curve.

The braking performance resulting from these tests is random. The randomness resulted
from the difference in operational characteristics of each antiskid system. Thus, to ad-
equately analyze the braking performance results, cac airplane must be considered
individually. The following paragraphs explain how each intiskid systkm reacted to the
changed mu-slip curve, thuE producing the recorded braking performance. The regions over
which each antiskid system operates, as defined in Section VIII, help to explain the per-
formance. Each system operated over the same range of slip ragardless of the curve shape.

a. TIRE INFLATION PRESSURE 120% OF NOMINAL (Test 2a)

Thi3 change has the effect of lowering tile percentage of available mu for values of slip
greater than 6%. On surfaces that exhibit reasonable mu the Boeing 727, 737, and 747 and
the C-141 operated predominately at slip values greater than 6%. Thus, the lower friction
coefficient at the tire-runway interface resulted in longer stopping distances. The F-4, how-
ever, operatd on the front side of the curve where the percentage of available mu has
increased, permitting shorter braking distances. When the F-4 antiskid system cycles over
the peak, as was the case when the peak available mu was lowered to 0.2, the percentage of
available mu was decreased, and the braking distance was increased.

b. TIRE INFLATION PRESSURE 80% OF NOMINAL (Test 2b)

The 80% inflation pressure change raised the percet . of available mu for slip values
greater than 15% and decreased the percentage of available mu when slip was less than 15%.
For the antiskid systems that cycled near the peak and on the back side, braking distance
was shorter as a result of the increase in the percentage of available mu. The F-4, which
operated on the front side of the curve at high mu values exhibited increased braking
distances resulting from lower avai.able mu.
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c. LOW TIRE HEATING AND FLAT MU-SLIP PEAK (Tests 2e and 20

These two tests raised the percentage of available mu for slip values greater than 10%. The
front side slope and peak mu location were unchanged. The results showed that, for systems
operating at the peak or on the back side of the curve, braking distances df;creased. In
addition, the higher the back side mu, the shorter the distance. Since the front of the
mu-slip curve is unchang-d, the F-4 did not show a significant variation from the baseline
braking distance.

I

I

1 
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SECTION XII

PARAMETER RATINGS

The following tables present the baseline braking distance percentages for frictional values
of 0.6, 0.4, and 0.2. Also shown is the r irameter rating index (PRI) for all test conditions.
Table 27 summarizes the percentages for all aircraft studied and lists the composite PRI.
Tables 28 through 32 contain individual PRI values for the 727, 737, 747, C141, and F-4.
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Table 27.-Summary of Paramete Ratings

Condition (dry-stabilized landings PR
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Table 28-727 Parameter Ratings
Rank Teat Parameter

condition Description rating
Index

I 4c No spoilers or drag devices ......... ... 87.33

2 1b 20 knot wind .... .............. ... 33.67

4c 40% effective spoilers .. ........... ... 33.67

4 3b Brake application speed + 20% ........ ... 32.00

5 5d Nominal pressure rate at 4.0 sac ....... .. 31.00

6 4d 60% effective spoilers .. ........... ... 19.67

7 ic -10 knot wind ... .............. ... 19.33

1: 10 knot wind .... .............. ... 18.33

4b Spoiler deployment at 2.0 sac ........ . 17.33
10 Sc Nominal pressure rate at 2.0 sec ........ ... 17.00

11 3a Brake application speed - 10% .... ........ 16.33

12 8f 50% of full metered pressure ........... .. 8,16.00
13 2f Flat mu-slip peak ............... .... 12.00

14 4a Spoiler deployment at 1.0 sac ........ . 11.67
15 2& Tire inflation pressure 120% of nominal .. ..... 11.33

16 lb Minimum landing weight ........... ... 10.67

17 la Maximum landing weight ..... .......... 967

11 Linear torque gain .. ............ ... 9.67
2e Low tire heating ...... ............. .9.87

20 Ig Torque gain 120% of nominal .... ........ 8.66

21 1i Variable torque gain ...... ............ 8.33

22 lh Torque gain 80% of nominal ........... ... 7.00
23 2b Cold day ....... ............... 6.00

Se 75% of fuli metered pressure ........... . 8. 6.00

25 4f 120% engine idle thrust . .......... . 5.33

2d 80% worn tire ....... .............. 5.33
27 d Move dynamic breakpoint in 50% of nominal . . 4.67

28 2a Hot day ... ................ .... 4.33

2b Tire inflation pressure 80% of nominal 4.33

2c Forward center of gravity ..... .......... 4.33

3d Minimum strut frequency varying stiffener . . .. 4.33

32 3b Minimum strut frequency varying mass ..... 4.00

b Increase line diameter 50% ......... ... 4.00

g Increase brake p. v gain . .......... . 4.00
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Table 28.-727 Parameter Ratings (Concluded)

Test Parameter
Rank condition Description rating

index

35 2d Aft center of gravity .. ............ ... 3.00

36 3c Maximum strut frequency varying stiffness .. ..... 2.67

37 58 150% nominal pressure application rate ... ...... 233
f Increase brake volume by 10 cu in ..... ....... 2.33

39 4g 80% engine idle thrust ...... ............ 1.33

1c Torque peaking 150% or running .... ........ 1.33
If Torque response breakpoint 50% of nominal .... 1.33

3a Maximum strut frequency varying mass ... ...... 1.33

a Decrease line diameter 50% .. .......... ... 1.33
44 c Move dynamic breakpoint out 150% of nominal . . . 1.00

e Insert 20% restriction in return line .... ........ 1.00
lq High-fade brake ....... .............. 1.00
5b 50% nominal pressure application rate ... ....... 1.00

48 id No torque peaking ... ............. ... 0.67
1c Torque response breakpoint 150% of nominal . . .. 0.67

2c 50% worn tire ....... ............... 0.67
3c Vertical stiffness 120% of nominal .... ........ 0.67
3f Vertical stiffness 80% of nominal .... ........ 067

3g Vertical damping 120% of nominal .......... .. 0.67
54 1 b Low fade brake . .. .. .. .. .. . .. 0.50

55 3h Vertical damping 80% of nominal . ........ ... 0.33
56 3a Rough runway surface ...... ............ 0
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Table 29.-737 Parameter Ratings

ParameterRank j Test rtn
condition Description rating

nditionIndex

1 4c No spoilers or drag devices ..... .......... 39.50

2 lb 20 knot wind ..... ............... ... 36.69

Sd Nominal pressure rate at 4.0 sec .... ......... 36.67
4 3b Brake application speed + 20% .. ......... ... 35.00

5 la Maximum landing weight ... ........... ... 29.00
6 4e 40% effecting spoilers ...... ............ 26.00

7 5c Nominal pressure rate at 2.0 sec ........... .... 22.33
8 lc -10 knot wind . . . . . . . . I. . . . .. . 20.33

9 la 10knot wind .... ............... .... 19.33

10 3a Brake application speed + 10% .. ......... ... 17.67
11 4d 60% effecting spoiler ... ............ ... 14.00

4b Spoiler deployment at 2.0 sec . ......... ... 14.00

13 2a Tire inflation pressure 120% of nominal ...... ... 11.00
14 lb Minimum landing weight .. ........... . .. 9.67
16 4Ae Spoiler deployment at 1,0 sac .... ......... 8.67

16 Sf 50% of full metered pressure .. .......... ... 7.67

2f Flat mu.slip peak ....... .............. 7.67
16 2e Low tire heating ....... .............. 5.67

19 2c Forward center of gravity .. ........... ... 4.67

20 2b Cold day ... .. ................ .. 4.33
19 Torque gain 120% of nominal . ......... ... 4.33

2b Tire inflation pressure 80% of nominal ...... . 4.33

23 d Move dynamic breakpoint in 50% of nominal .... 3.67

24 2d Aft center of gravity ...... ............ 3,67
25 b Increase line diameter 50% ..... .......... 2,67

2a Hot day ..... ................. .... 2.67

27 a Decrease line diameter 50% ..... .......... 2.33

g Increase brake p-v gain ... ............ ... 2.33

3a Rough runway surface ........... 2.33
30 lh Torque gain 60% of nominal .. .......... ... 2.00

If Torque response breakpoint 50% of nominal .... 1.67

Is Torque response breakpoint 10% of nominal .... 1.67

f Increase brake volume by 10 cu in ..... ....... 1.67
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Table a9.-737 Parameter Ratings (Concluded)

Test Parameter
Rank oniinDqscription rating

index

34 Is Highfade brake .. ............... 1.50

lb Low fade brake .. ............... 1.50
38 c Move dynamic breakpoint out 150% of nomInci . . 1.33Li38 2a High center of gravity .. ............. 1.00

5s 150% nominal pressure application rate .. ....... 1.00
41 3b Minimum strut froquency varying miss. ... . .... 1.00

41 4f 120% engine idie thrust. ............. 0.87

4g 80% engine idie thrust. .. .... ........ 0.57
11 Linear tol que gailt.. .............. 0.874
2c 50% worn tire. .. ............... 0.67

3s Maximum strut frequency varying mess .. ....... 0.67

3d Minimum strut frequency varying stiffness .. ...... 0.57
Inet2%restriction In return line. .. ........... 67

43 2: Lwcne fgravity .. ............. 0.33
5b 5% noinalpressure application rate. .. ....... 0.33

Se 7% offullmetered pressure. .. . ......... 0.33
1c Trqu peaing150% of running .. . ........ 0.33

3e ertcalstiffness 120% of nominai. .. ....... 0.33

3f ertcalstiffness 80% of nominali.. . ........ 0.33
3h ertcaldamping 80% of nominali.. ......... 0.33

56 1 Vral oqegain. .. ............. 0

2o 8 % w rn ire . . . . . . . . . . . 0
3q ertcaldamping 120% of nominai. .. ........ 0
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Table 30.-747 Parameter Ratings

Test Parameter
Rank condition Description rating

index

1 4c No spoiler or drag devices ... ............ .. 33.67
2 5d Nominal pressure rate as 4.0 sec. ............ ... 22.33
3 3b Brake application speed + 20% .. ......... ... 21.33
4 lb Minimum landing weight ..... ........... 19.00

5 4e 40% effective spoilers ... ............ ... 17.00
6 lb 20 knot wind ..... ............... ... 15.33

7 5c Nominal pressure rate at 2.0 sec. ............ . .. 13.00

8 39 Brake application speed + 10% .. ......... ... 10.67

4b Spoiler deployment at 2,0 sac ......... .... 10.67

4c 60% effective spoilers ... ............ ... 10.67
11 I Maximum landing weight ..... ........... 15.00
12 1: 10 knot wind . . . . . . . . . . . . . . . 9.33

3 lc-10 knot wind . . . . . . . . . . . . . . . 8.87

14 4a Spoiler deployment at 1.0 sec . . . . . . . . . 7.67

5f 50% of full metered pressure . . . . . . . . . . 6.67

21 Flat mu-slip peak . . . . . . . . . . . . . . 5.67

2q Tire inflation pressure 120% of nominal ...... . 6.33
18 2c Low tire heating ....... .............. 4.67

19 1q Torque gain 120% of nominal .... ......... 3.00

e Insert 20%6 restriction In return line .......... ... 3.00
2c Forward center of gravity ..... ........... 3.00

22 4q 8% engine idle thrust ... .............. ... 2.67

2b Cold day ..... ................ .. 2.67
24 2 Aft center of gravity .. ............ ... 2.33

le Torque response breakpoint 160% of nominal .... 2.33
26 if Torque response breakpoint 50% of nominal . . .. 2.00
27 2a Hot day ........ ................. 1.67

3a Rough runway surface . . . . . . . . . . . . 1.67
2b Tire inflation pressure 80% of nominal ....... 1.67

c Move dynamic breakpoint out 150% of nominal .. . 167

31 4f 120% engine idle thrust .. ........... 133
Ba 150% nominal pressure application rate ... ...... 1.33

il Variable torque gain ... ............ .. 1.33
b Increase line diameter by 50% . ......... . 1.33
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Table 30.-747 Parameter Ratings (Concluded)

Test Parameter
Rnk condition Description rating

index

35 1d No torque peaking . ............. 1.00

ij Linear torque gain .... ............. 100

2c 50% worn tire ... ............... .... 1.00
2d 80% worn tire .... ............... .... 1.00
3a Maximum strut frequency varying mass ...... ... 1.00

3f Vertical stiffness 80% of nominal . ........ .. 1.00
3q Vertical damping 120% of nominal .......... .. 1.00
d Move dynamic breakpoint in 50% of nominal .... 1.00
f Increase brake volume by 10 cu !,i .. . . . . . . . 1.00

44 5e 75% of full metered pressure .. .......... .. 0.67
lh Torque gain 80% of nominal .......... 0.67
3b Minimum strut frequency varying mass ...... .. 0.67

3c Vertical stiffness 120% of nominal .......... .. 0.67
3h Vertical damping 80% of nominal ......... ... 0.67

49 la High fade brake ... .............. .. 0.50
lb Low fade brake .... .............. ... 0.50

51 Ic Torque peaking 150% of running . ........ .. 0.33
3c Maximum strut frequency varying stiffness .. ..... 0.33

53 5b 50% nominal pressure application rate ... ....... 0
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Tab/a 31.-C- 741 Parameter Ratings

Test Parameter
Rank Tesdto Description rating

I 4c No spoilers or drag devices ..... . ...... 63.00
2 lb 20 knot wind .. ................ 33,00

3 3b Brake application speed + 20%. ........... 28.33

4 4e 40%,iffect!ve spoilers. ......... . ... 27.33
5 2f Fiat mu-slip peak .. ........ . ..... 20.00

a Ic -10 knot wind .. ..... .... . ...... 17.67
7 ia 10 knot wind .. ................ 17.33

8 2e Low tire heating .. ............... 17.00

9 Qd 60% effective spoilers. ......... . ... 16.00
10 ia Maximum landing weight. .. . ......... 14.33

3a Brake application speed + 10%. ........... 14.33
12 6f 50% of full metered pressure .. .......... 11.33
13 lb Minimum landing weight. ..... . ...... 10.33
14 4b Spoiler deployment at 2.0 sec .. ......... 10.00

d Move dynamic breakpoint in 50% of norinal . . . . 10.00
16 2b Tire inflation pressure 80% of nominal. ........ 8.67
17 2a Tire Inflation pressure 120% of nominal .. ....... 7.00
is ig Torque gain 120% of nomlial .... . ...... 6.e7

19 4a Spoiler deployment at 1.0 seec.. . ........ 6.00

b Increase line diameter by 50% .. ......... 6.00

21 g Increase brake p-v gain ...... ... ........ 5.67
22 2c Forward center of gravity. .. . ......... 5.33
23 2a Hot day. .. ....... .... ....... 00

2b Cold day .. ................... 00
Ii Linear torque gain .. .............. 5.00
a Decrease line diameter by 50% .. .......... 5.00

27 1lh Torque gain 80% of nominal. .. ......... 4.00

28 60 76% of full metered pressure. .. ......... 3.33

29 lj Variable torque gain. .. ..... ........ 3.00

30 c Move dynamic breakpoint out 150% of nominal . . . 2.67
0 Insert 20% restriction in return line. .. ........ 2.67

32 4g 8096 engine Idle thrust.... ......... 2.33

33 2d Aft canter of gravity. ... ........... 2.00

4f 120% engine Idle thrust. ... .......... 2.00
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Table 31.-C-141 Parameter Ratings (Concluded)

Parameter
Rank Test Description rating

condition Index

I f Torque response reekpoint 50% of nominal . ... 2.00

3c Maximum strut frequency varying stiffness .. ...... 2.00
37 2d 80% worn tire. .. ......... . ..... 1.67

3a Maximum strut frequency varying masse.. ....... 1.67

3b Minimum strut frequency varying mass .. ....... 1.67
40 Is Torque response breakpoint 150% of nominali . . . 1.33

3d Minimum strut frequency varying stiffness .. ...... 1.33
42 3e Rough runway surface .. .. . .......... 1.00

f Increase brake volume by 10 cu in .. .. .. ...... 1.00

44 I1c Torque response 150% of running .. ......... 0.67
2c 50% worn tire. .. .......... . .... 0.67
3f Verticai stiffness 80% of nominai .. ......... 0.67

47 is High fade brake .. ......... . ..... 0.50

48 id No torque peaking .. .............. 0.33
3h Vertical damping 80% of nominai .. ......... 0.33

50 l b Low fade brake .. . .............. 0
3e Verticai stiffness 120% of r'ominai. .. ........ 0
3q Verticai damping 120% of nominal.... .. .. .....
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Table 32.-F-4 Parameter Ratings

Test Parameter
Rank condition Description rating

Index

1 4c No spoilers or drag devices .. ........... 63.00
2 l b 20 knot wind .. .. .... .......... 34.00

3 4ar 40% effective spoilers. .. ............ 33.67

4 9 Increase brake p-v gain .. .. ... ........ 28.33
5 f 50% full metered pressure .. .. . ......... 24.67

7 lc .10 knot wind .. .. .............. 22.67

8 Qd 60% effective spoilers. .. ............ 21.00I9 c Move dynamic breakpoint out 150% of nominal . . . 19.33
10 ia 10 knot wind .. .. ..... ......... 19.00r 1 e 75% full metered pressure .. .. .......... 15.33
12 2b fire Inflation pressure 80% of nominal .. ....... 15.00
13 IS Maximum lending weight. .. ...... . .... 14.67
14 3a Brake application speed + 10%. .. ......... 13.33

15 1h Torque gain 80% of nominal............13.00

16 2b Cold day. .. ..... ........... 12.67I

17 4f 120% engine Idle thrust .. ............ 11.67

2a Tire inflation pressure 120% of nominal. .. ...... 11.67
19 b Increase line diameter by 50% .. .......... 11.33

20 ig Torque gain 120% of nom~nal .. .......... 10.67

21 2a Hot day .. .. ................ 10.33

22 ii Linvar tt, quoai u. . . ............ ... 3

23 2d 80% worn tire. .. .. ............. 9.33

24 1i Variable torque gain. .. .. ........... 9.00
25 4b Drag device deployment at 2.0 sec. .. ........ 8.00

26 d Move dynamic breakpoint In 50% of nominal . . . . 7.67

27 4g 80% engine idle thrust. .. ....... . .... 7.33

28 2c 50% worn tire. .. .. ............. 6.00

29 Ala Drag device deployment at 1.0 sec. .. .......... 33

30 Sd Nominal pressure rate at 4.0 aec. .. .. ....... 5.00
3 2f Flcratsli eak........1 cun... ........... 00

32Incrat s brak voum by 10 cu .. .. ........... 00

33 2c Forward center of gravity. .. ... . ....... 3.33

34 lb Minimum landing weight. .. ............ 100
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Table 32.-F4 Parameter Ratings (Concluded)

Test I'arameter
Rank condition Description ratingindex

le Torque response breakpoint 150% of nominal . . . 3.00
2e Low tire heating ... .............. .... 3.00

37 2d Aft center of gravity . ............ ... 2.33

5c Nominal pressure rate et 2.0 sec: .... ......... 2.33

if Torque response breakpoint 50% of nominal . . .. 2.33
49 3b Minimum strut frequency varying mass . .. . .. 2.00

41 3d Minimum strut frequency varying stiffness .. ..... 1.67
3e Vertical stiffness 120% of nominal .......... ... 1.67

43 3c Maximum strut frequency varying stiffness .. ..... 1.33

44 ld No torque peaking ... ............. ... 1.00

e Insert 20% restriction in return line .......... ... 1.00
46 5a 150% nominal pressure application rate ... ...... 0.67

1c Torque peaking 150% of running . ........ . 0.67

3g Vertical damping 120% of nominal ........ 0.67
49 la High fade brake . . . . . . . . . . . . . . 0.50
50 5b 50% nominal pressure application rate ... ....... 0.33

3a Rough runway surface .. ............ .... 0.33
3a Maximum strut frequer.,uy varying mass ...... 0.33

3f Vertical stiffness 80% of nominal . ........ . 0.33
54 lb Low fade brake ....... .............. 0

3h Vertical damping 80% of nominal .... ........ 0
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SECTION XIII

CALCULATION OF PI TERMS

Tables 33, 34, and 35 contain iformation needed to calculate various pi terms. The data
consists of baseline values as well as values used in the brike system simulation parametric
study. Tables 36 through 40 show the actual calculation steps to obtain pi terms for each
condition and all airplane models. The calculations for irI , 7r2 , and iT3 are straightforward.
For 7r4 calculations, the term Fe was obtained using the following relationship:

F Feo (vv stop)

where:

Feo = engine idle thrust at zero velocity

KE = change of idle thrust with velocity

vstop = velocity at which stopping distance calculation
was stopped on the simulator
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Table 33. -Baseline Values Used in Airplane Simulation and Prediction Model

Airplane Parameter _______ Airplane
737

Symbol Units 727-200 Advanced 747.200 C-141A F*4EI
CD . 0.253 0.276 0.18 0.223 0.32

CL .. 0.140 0.242 0.67 0.262 0.271
Fo lbf 2475 1200 9480 3600 1260

KE lbf-seclft *6.37 2.0 17.1 .6.94 -4.98

p lbf.sec 2
/ft

4  0.00238 0.00238 0.00238 0.00238 0,00238

v fps 195 173 219 200 256
vt fps 24 24 24 24 24

i bt 125000 85000 610000 260000 35000
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Table 36-727 Pi Determination

1T1 , f. T jrr 5  
= .4 3

FPS F T T, I T , FT 1 FT lT , L 7 n
LINE 195 12 18 .08;? IL56 t.33 L'(50 I 1 M8; 2,50  1 .905 4192 3.550

V C C C/ ,L ., "z = .4 "rrz2
=

.

CONDITION - -/-
z  

, /V,

- - -r - -- A
F T' I 1T i  FT I "Y F T 1 "

B)Asc LINrE 195 .14 .253 .553 127r8 1.082 1'(50 1 .482 4192 ,5

604 POILER 195 .628 .2186 2.87 1429 1.210 2034 1.722 5089 4.309

40%.POILER 195 .842 .2011 1.33 1559 1.320 2376 2.012 5560 1.508

NO %POILERS 395 1.36 .167 8.144 2306 1.953 3550 3.006 8926 5.685

IT .6 7Z.4 1z
V Feo Fe

CoNoDION , S
FPF Lb- L-f- - -'_

FT IT, FT fT F T n1

BA ELINE 195 2475 177, 71127 1:178 1.082 1750 1.482 4192 3.55

MA . W -r 208 1 (5 1777 063 '8 l10o 1.042 192i L,30 579 3.108 1

MIN. WT 1'4 2145 177T 364o0 105L 1. L 18 15,5 1 .622 , 26 1.1191

4-10. V 21 21 75 1777 1277)16 1 1 P .026 2003 1.395 5013 3.492!

z O v 234 2i',1 1777 212391 L685 0 991 '301 J.355 5537 3.256'

1L0/ % e 195 2970 2412 5 21 1301 1. LO1 ! 76 1.50h 732 4.00l

80% Fe 195L 1980 1131 U0989 1," 3 1. 07 29 1-.164 405o 3.34
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Table 37.-737 Pi Determination

COND. J / ,,~ ~ s./v I n//
FPS P FT IT, FT Tr FT ' FT TT F. TI,BASE'3 -

LINE 173 o68 11.19 1.215 1 .307 111,0 1.41 97 . 2 5 .610 ii42

V CL CI C> Trr 
"  

Tr: .4 >7c
CONDITION - ;- b /v % /

FT 1T FT TII FT 1.

BAsrE LINE 173 .242 .275 .880 1068 1.19 1440 1.549 2454 2.64

(60% SPOILER% 173 .7h8 .242 3.003 1210 1.302 163 1.76, 2819 3.03

4O. POILEi 173 1.003 .216 4.643 1313 1.1412 1791 1.930 3122 3.359

NO 17POIL 13 1.512 .194 7,7914 11,80 1.595 2010 2.195 , -

v F e D F e I v . "rr2 .( rz : .4 17 ? .

Fe3
CONDrTiON S/V

2  
S V

F'PS Lbf, L ,f T74
FT Tr, FT 17, Fr fl

BASELINE 173 1200 1397 1.116 1068 1.11 1W'0 1.549 2451 2.640

M x. WT 198 1200 1397 994,1 1396 L.4 1856 1.524 3126 2.567

165 1200 1397 33266 960 1.. 13 L302 1.540 2231 2.639

4-10% v
190 1200 1397 77439 1266 1.12 1697 1,514 2850 2.542

+ zO/. V 207 1200 1397 129573 1165 1,10 1956 1.,7 0 3231, 2.430

173 thO 16' 36751 1067 1.1 11415 1.555 2492 2.681

SOY. Fe 17 3 960 1113 55267 1063 1.143 1130 1,538 2419 2.60o
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Table 38.-747 Pi Determination
Sr=.6 z .5 =.4 IT . Itz= .

COND. 9 rf.,S/ U/ 1  ,1  2 2 0  "t4'
FT 1 VT Tr F_ T , T , FT -n,

LINE 19 1905 1.279 2206 [ 2630 .766 3307 2.220 4598 3.087

CONDITION - i s -i 5 %9 /'

FPS -t S
FT Tr FT I, FT fr

BALr"LINE 219 .67 .18 3(22 1905 1.279 2630 1.766 4598 3087

1O6% POIL-R6 219 .862 .1607 5.364 2085 .1.400 2908 1.952 5135 3.447

40 %'POiLE
I  

219 .958 .151 6.341 2199 1.476 3066 2.058 5461 3.668

NO SPOILlIR 219 1.15 .1317 8.732 2507 1.683 3191 2.344 6263 4.205

V Fto Fe F IT, G TtZ .4 T:.a

CoNDrrION - -V - v 5

FPS Ibf Ltf Tr4 -

FT iT T IT F T

BASELINE 219 9180 11557 21850 1905 1.279 2630 1.766 . r)98 3.0871

MAX. WT 231 9480 11557 29711 2090 1.261 2891 1. t144 5040 '.041

MIN. WT 194 9480 11557 10441 1528 1.307 2137 1.828 3771. 3.229

4-10% V 230 9480 11557 29339 2112 1.285 2910 1.77L 5036 3.065

+ Z07. v 241 9180 11557 38810 233 L.29', 3201 1.775 5169 3.032

219 11375 13872 18235 1916 1.286 2661 1.786 4'(02 3.157I

SO. Fe 219 758 9231 31868 1
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Table 39.-C. 141 Pi Determination

.i 'ij."Z1. I I I I I IT1  ° '.Vv .5 Cr, .4 it, .3:* r. .2t

COND.,O -11 S b.~ . '. 'I s

LINE 200 1841 1.482 12223 11.789 2752 2.215 3814 13.069 .56

lTr% .& Trit. .4 lTr' -.

FPS - - "lt SI FI I I  F" 7 T ""

-_ _ _FT Tr FT Trv FT 1-t,

BAr LINE 200 .2615 .2226 1.175 1541 1.482 2752 2.215 5650 4.548

O % POiLER% 200 .5969 .1790 3.332 2139 .1.722 3214 2.,87 6506 5.237

40% 0 PIRI 200 .7646 .1580 4.839 23410 1.884 3565 2.870 7050 .675

NO %PILERS, 200 F.o 1146 9.607-f 48 
2.373 57 .

683

v Feo Fe £.Y v .4 t 4  
1lg=F

CONDITON ss'. 5, s s/
FP', L4 Lbf 74 - - -

FT 'n', FT IT1  FT r

BA ELINE 200 3600 2823 52319 1841 1.482 2752 2.215 5650 4.548

M
1AAX. W./T 218 3600 2823 86421 2158 .62 3102 2.102 6369 4.315

MvIN. W T 167 3600 2823 17421 1652 1.907 2718 3.138 4602 5.313

4-10%A V 20 30 22392685 2144 1.426 3173 2.111 62T4 4.174

+ -O V 24o 3600 2823 1562o4 2466 1.378 3580 2.001 6853 3.830

IL 0 -e 200 4320 3692 39789 1866 1.502 2797 2.251 5836 4.698

80. Fe 200 2880 1950 75333 1824 1.468 2703 2.176 5430 4.371
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Table 40.-F-4 Pi Determination
I = .6' I -,= .5 "1 -t = .4 IT,.=.3 1% "n 2.

COND. V IS1 5 63/vd 2 5 Ss, bsv
FP FT Tt, FT it,1  FT 1T, FT t% ~ r

LINE 256 2766 1.359 3273 1.608 3974 1 952 5261 2.585' 893 4 222

V C L C D C>/Tz LI
CONDITION -%- - V1t Szs S/vz

FPS T~
FT Th FT "I3 FT Tl"

BA~r.LINC 256 .27 .319 .846 2766 1.359 3974 1.952 8593 4.222

160%SPOILEIR 256 .27 .228 1.184 3215 1.579 4850 2.383 10738 5.276

4 0 %PDILEM 256 .27 .192 L.406 3427 1.684 5326 2.617 12274 6.031

NO SPOILERS 256 .27 .110 2.454 4095 2.012 061 3,469

v Feo Fe v 1. 7 Tr. r .4 IT.= Z

CoNorIoN - %- - I% 5 /'/v2
FP% Lbf L f -T -'-

FT 1Tj FT IT, FT rrk

BASELINE 256 1260 563 146583 2766 1.359 3974 1.952 8593 4.222

M__x. WT 292 126o 563 535409 3255 1.229 488o 1.843 8832 3.335

M IN. WT 237 1260 563 T25280 2704 1.55 3841 2.202 8271 4.741

+tO% V 282 1260 563 ?048633 3370 1.364 4566 1.849 8825 3.573

+ E07. V 308 1260 563 3477515 3907 1.324 5022 1.705 8885 3.016

IZO. F. 256 1510 948 581181 2893 1.421 4196 2.062 10615 5.215

8O FY. 'e 256 1010 16C 84583 2722 1.337 3836 1.885 7218 3.546
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SECTION XIV

ARRANGEMENT OF PI TERMS

The experimental data converted to nondimensional pi terms must be arranged so that all of
the pi te- - --)ntaining independent variables, except one, remain constant. The remaining
term is t, t varied to establish a relationship between it and I, the term containing the
dependent variable. This procedure is repeated for each of the independently variable pi
terms in the function. Tables 41 through 45 show the arrangement for each of the five
airplanes. Each page is a complete data set with three sets per table to show the data at 0.6p,
0.4A, and 0. 21A conditions.

I
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Tqble 41-727 P! Arrangement

It rGt I tJ TE-m CONSTrANT _______

T( Z) (r 153 rr CONDITION

AD- BA%LiNE

1.48

.55 1.082 7 12

52 331 1.2 C:N0% o 1P P

(1T4) __y' ____CONDITIO

36400______ 118_____553 ________________

523641 1.10 .6 55 %-r

7127 1.IR ..........
1038 .0-2 __ __ _ __ __ __ __ _

1109S9 1 .077 I O ~ R

127746 1 C26 I 14 V

1 212394 T c'9 V91V
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"able 41.-727 Pi Arrangement (Continued)

(Tr?.) Cmr) Thj CoNDITION

~ BASELINE' 1,082 _,553 71127 = =i

1.233 t
.4 1.482

,3 1.905 I

_CONDITIO

553 1.482 .4 71127 BASELINE

2.87 1.722 4 60% bPOILER!I

4.33 2.Q12 40% bPOILEs I
8.144 3,006 NO SPOILERS

OTr4) O,) 1TZ 115 CON ,,riN

36400 1.622 .4 .553 WEIGHT'

52331 1.504 io% -~l- --T

71127 1.482 %F...LINEF.

106378 1.,430 WEIGHTI

M1989 L464 to Tl~--

127746 1,395 - 1o V-.

212394 l1. 355 1 ..... 1ZO*/. V 1
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I :i: Table 41I.- 727 Pi Arrangement (Concluded)

( ) " 0 CONDI-TIoP

.275 2.400 _ _

.25 2.65

.225 2.975

.2 3.550

.167 4.242

______ ______ CON017TION

.553 3.55 .2 71127 FL-NE

2.87 4.309 6O/ 5POILERS

4.33 4. 708 40% %POIL ERS

8.144 5.865 NO SPOILERS

(1TN) __1"1) W" CONDIIOiN

1MI NIMUMfr
36400 4.494 .2 ._WEIG_ -

52331 4.007 1 1 ZO% T RUT

71127 3, bj0 B, ,bEUNEF

106378 3,408 WIGH'r

110989 3.434 1o,- Z,'

127746 3.492 1 1 10% V-L

212394 3.256 I Z0 %, V1:
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Table 42-737 Pi; / rangement

(OT) (ir) _ , 1 CONDITION

• 1.149 44146 BASELINE

1.307

.4 1.549

S1.932

, 2.640

A 4.500 J

(rrs) (O"l) 1{1T iCONDCoNorrio
.88 1.149 .6 44146 5ASELIN-

3.093 1.302 (60o. 5POILER

4.643 1.412 _ j.40% bOL.ERS

7.794 1.595 1 NO5 PoP'IER

33266 1.135 .6 ,88 W.EIGHT

36751 1.148 __ I Z . -1H LJ , "

44146 1.149 ____ ___ ,,.____,..

99481 1.146 w I "

55267 1,143 So ', Rzu "r"

77439 1.129 IIO V-

197 1.100 _ ',,V

______ it,)_ Tzr?. W3 CO D-r
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Table 42.--737 Pi Arrangement (Continued)

(rr 1  Cm _____ ~~4 CONDITION

1.149 .88 44146 B,,,LNK
• 1.30'7 '

I .4 1.549

1.932

__ __ 2.640

A__. _ 4.500

(ni) (in, j~ CONDITIO1,

.88- 1. 549 .4 441-46 /AS F.LINE

3.093 1,767 j - C0 %POILERS

4.643 1.930 40% bPOILERS

7.794 2.195 NO SPOILERS

('4) (It) " CONDIION

MINIMUMr
33266 1.540 .4 .88 WdE.IGHr

36751 1555O rt

441A6 1.549 BSAbELNL
frkAXIVMUMr

99481 1 .524 _ WEIGH-r

55267 1.538 6oi, TN% U

77439 1.514 - IIO VT

129573 1.470 1ZO. V-1
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Table 42-737 Pi Arrangement (Concluded)

(____.) ('I"I) ___ _ 'r4 . CONDITION

______ 1.149 .88 44146-N

_____ _ 1.307 t
• ____ 1.932

_.2. 2.640

.A 4.500

(TVrr) (O,") W F-4 CONDITION
.88 2.64 .2 44146 5, E LNE

3.093 3.03 60% SPOILERS

4.643 3.359 40%' bPOILERS

7.794 3.717 NO SPOILERS

(r,) _ "T_ o,2 -CONDITION
MINIMUM

33266 2.639 .2 .88 WEI.GHT

36751 2.681 .o% TNHRU'T

44146 2.640

MkXIIMUMr
99481 2,567 WEIGHT

55267 2.602 _____ - -

77439 2.542 110% Vz

129573 2.430 IZ0. V:
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Table 43-747 Pi Arrangement

(0"Il) (TrI) _ __ W.4  CONDITION

. 6. 1.279 .72 - 2 1 uo = N
.5 1,480

.4 1.766

'_ _ _ 2.220

.2- 3.087

.1 5.520 _ _ _

((r T r1) :ff, T CONDITION
3.722 1.279 .6 218. _ BA ELINE.

5.364 1.400 60%. %POLERS

6.344 1.476 1 I o4 0%POILERS

8.732 1.683 O 5P0ILER I
(Tr4) ______ ___ W3 CONI~ITioN

10444 1.307 .6 3.722 WEI GHT

18235 1.286 0It% THRu4 T

21850 1.279 A%E.Li,4 ..

29711 1.261 .IGH "

27403 1.254 0 4 tN u -r

29339 1 .1285 1oR

______110% V 1,

168
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Table 43. -747 Pi Arrangement (Continued)

_____ (Ti) CONDITION________

A6_ 1.279 3.722 21,850 BASELINE

1.480

.4 1.766

•__ __ 2.220

3.087

.A 5.520

(ni) (') r" , CONDITION

3.722 1.766 .4 21850 0 -tE..

5.364 1.952 (60 bPOILERS

6.344 2.058 40% 4O POILERS

8.732 2.344 NO SPO LERIS

(r 4 ) (Or) __T__z W3 CONDITION

MINI MUM-
10444 1.828 .4 3.722 WE-IGHT
18235 1.786 It, o% TwHtub-r

21850 1.766 ,A L,,N.
29711 1.744 WEIGHTr

27403 1.732 so% -4rw )uT

29339 1.771 Io56/0, Vz

38810 1.775 flO*/o Vz
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Table 43.-747 Pi Arrangement (Concluded)

_____ _____ i) ~ CONEWTIoN

Ab IO 1-29 21 gul A.SCLINE

o_ _ 1.766

2.220

4 3.087 _ __

i 1 5.520 f

3.722 3.087 .2 21 5.

5.364 3.447 (60%%bPOILERS

6.344 3.668 40% 'POILE RS

8.732 4.205 rMO SPOILERS

(T?4) (Ot) "Tr I Co,,o,N

MINIMUM-
10444 3.229 .2 3.722 WEIGH"

18235 3.157 1t .% THRU-b-"

21850 3.087 S,,L.UNE
29711 3.041 MF..im

27403 2.979 So/ "THrLuT

29339 3.065 105% V% 1

38810 3.032 IIo ' V,
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Table 44.-C. 141 Pi Arrangement

(Trz) (inT) WS, n 4  CONDITON

.4 2.215

•_ _ 53.069

2. Z 4.548

(n) (IT,) W2 iF CONDITION

1.175 1.482 .6 52319 B,,EA.ANE

3.332 1.722 r04 ,O bPOILERS

4.839 1.884 4o %bPOILE RS

9.607 2.373 NO SPOILERb

(Tr 4 ) ("i ) I t 1 CONDI0TIN

MINIMUM
17421 1.907 .6 1.175 W .IGHT

39789 1.502 17.0% TWRtu%-

52319 1.482 BA EF.L

86421 1.462 WEIGHT

75333 1.468 so% -rRUTr

92685 1.426 110% V%

156204 1.378 z lo. V,
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Table 44.-C 141 Pi Arrangement (Continued)

(1") _ __ fl 4  CONDITION

AD__ 1,482 1,17 ;P1 A.%bELINE

.4 2.215

3.069

.. Z4.548

(fl ~ ~7) (:)F4_______ CONDTION

1.175 2.215 .4 52319 t L NE

3.332 2.587 6 % t 04 POILERS

4.839 2.870 40% POILERS,

9.07 3.683 4 NO 5POILERS)

( '% ) O rl1 -F CON .,oi-"
MINIMt.m

17421 3.138 .4 1.175 WEIGH"rO

39789 2. 251 M tO%/ 'T4Rtu-.-

52319 2.215 I ELIIE

86421 2.102 WEF.IGHrI

75333 2.176 so%, "tI.us-T"

92685 2.111 110% VI

156204 2.001 __O_____V
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Table 44.-C-141 P1 Arrrangement (Concluded)

r~ (Ti) __ _____CONDIT ION

. 1.482 1.175

_ _ _ _ 1.789

.4 2.215 - -

3.069

.1. 4.548
.1 - - - -- -

1,175 4. 34A - - 959310- .
3.332 5,237 % _ Y PO, LE.RS

4.839 5.675 40% bPOItr.;t

9.607 7.389 NO .SPOILER'S

17421 5.313 .2 1. 175 WEIGHT

39789 4.698 IZ".O%' Ti-Itu t.

52319 4.548 BA.LL .-

86421 4.315 8,% tNHu"

75333 4. 371 m~o ', "rw4tuw r

92685 4.174 1o% VT.

156204 3.830 4 I O V 1
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Table 45. -F-4 Pi Arrangement

Zir) (ITO ____ l CONDITION

AD 1.359 .846 1146583 SAELINE-

1 .952 _ _

2.585 __

(IT,)_ F4 CONDITION~

0.846 1.359 .6 1146583 B ~LN
1.184 1.579_ ro__ 50.POILERS

L1.406 1.684 
4 0% bPOLE RS

2.454 2.012 NO 5POLR

(w1) _____ -F 7 T CONDITioN
MINIMUM

775280 1.550 .6 _Ej46 WMIGHTr

681181 1.421 ___ 11% TIRU~ti

1146583 1.359 ___B 4 N

2535409 1.229 ___'Jj1r

3845833 1 .337 1so%~ 1Nriu~t

2048633 1.364 110% V%

3477515 1.324 IZOV.,
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Table 45.-F4 Pi Arrangement (Continued)

~ (T~) 1COND-T ION
A0 1.359 .846 1 BAELINE

______ 1.608 _

.4 1.951 .952.

.3 2.585

(n~h) (iT~)-in 4  CONDITION

0.846 1.952 .4 1146583 BAFLINL

1.184 2.383 6~ 0%' %PILERS

1.406 2.617 40% bPOILERS

2.454 3.469 NO SPOILER1

______ 111) CoNorrioN

725280 2.202 .4 .846 WZIIGHT_

681181 2.062 17.0% THaUb-r
1146583 1.952 BA..LlN.

2§35 43 W IGHT_
3845833 1.885 o1"r lu '

2048633 1.849 110 ho VT.A

8477515 1.705 _ _ _I-.O , V,
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_ _ _-1 :1 .. ...... _ _

Table 45. -F-4 Pi/Arrangement (Concluded)

(r CI) (i) s CONDITION

.30 2.71 .846 1146583 BAk%CLINE

.275 2.96

.25 3.23

.225 315 __ ___

.. 4.222

(ni :rr)4 CONDITION

1,8 526 0 POILERS

1.406 6.031 40%. bPOILERS

2.454 -NO SPIMER

______ ( rl) ____ ~ CoNoriTQN

M~INIMUM
725280 4.741 .2 WEIGH-r

681181 5.215 i2.07 Twitubm

116AI 422 . - A.~.I4

253509 3335WKIGAT

3845833 3.546bOE HLT

2048633 3.573 110% Vx

3477515 3.016 1_____ IZO% V-1
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SECTION XV

FORMULATION OF MODEL EQUATIONS AND J1
MODEL-TO-SIMULATOR CORRELATION CALCULATIONS

After the conditions have been met for the function to be a product, a prediction equation

is formed by multiplying all component equations and the constant term C. That is:

Or 1) = C fl (72,W3,7) f2 (f2,7r3'4) f3 ( '2,f3' 4 )

Therefore, for the 727 airplane atT 2 = 0.6:-

(w1) -0.8607 {0.7048 (7r 2)0' 8 19 6 
1.06869 (7r3 )[0'3125 -0.3375 % SP] 2.314 ( 4 )0'06836}

or:

(fl I ) = 1.5001 (12)-0' 8 1 9 6 
(if3 ) [03125 -0.3375 %SP] ( 4). 6S361 (i)

For the 727 at W2 = 0.4:

Or i 0.4507 {0.7048 (ir2)
0

'
8 19 6 

1.4882 (7r3)[033562- 0.32769 % SP]4.2724 040'9409

or:

(rl)= 2.0197 (ir 2)
0

'
8 19 6 (r 3) [0.33562-0.32769 %SP] (r4)

0
.
0 9 4 0 9  (2)
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And for the 727 at 7 2  0.2:

(,1) = 0.07935 {O.5648 (7r2) 1
'1

25 
3.7262 (r3)[021586 "0.13473 % S?] 27.297 (w4)'0.1768}

or:

01i) =4.558 (f 2 )-1 *
1 2 5 (7r3) [0.21586-o.13473% SP] (f 4 )-0'1 76 8  0j)I1 I

This process was repeated for the other airplanes and corresponding prediction equations
were obtained. The prediction equations were then used to calc-late predicted stopping
distance (7r term) and compared with act- ' stopping distanc.e (7r term) for correlation. The
difference between the two was converted to a percentage error based on the actual
stopping distance (ir term). Tables 46 through 50 illustrate this correlation co'nfparison.

17I
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Table 46.-727 Model-to-Simulator Correlation

(i 1 )- ~so11r) 8196 
(.ljI )74fjr r) 06836

-K (IT2)' (iT3)' (1r.4)'

~ K (i~t)' (iT3' (m4Y~) PREDICTED, ACTUAL CONIiCA.
____ ____ ________,I____ %ERROIRCN

. 1.5001 1.5199 1.0149 .4o59 1.078 1.082 -. 4 S E LP ,EL

'__ _ "_ _ ".453 3 1 .04 9 1 .04 2 + .7 rI A . W T .

": " " ,, .4877 1.128 1.118 +.9 M IN .W T.

__ _ " _" .4476 1.036 1.026 +1.0 +10.V .

" .4323 1.000 0.991 +.9 4 2O V ,

___ _ " 1.1230 .4659 1.193 1.210 -1.4 O ',

1.2971 " 1.378 1.320 +4.4 4 0% P
1 .9260 ' 2.046 1.953 +4.8 NO ' P

__. .. . 1.0149 .4755 1.100 1.103 -. 3 1'20% 1e

___ _ " .4520 1.046 1.077 -2.9 BC /% V-
.4 ' ) 2 .1 1 9 1 9 1 .5 0 3 1 .4 8 2 + 1 .4 b A ? , ,E

S " .4533 1.462 1.430 +2.2 MAX WT.

", I-

-- A87 5Li3_IA2?--- -3.0 KIN wT.

.. A a9 .. .. . . .

I_____ .504 +2.,Q IZ4%

_ _ _ _ _ _ _ _5 2j z 1 4 5 8 1 . 4 6 4 . . . , | .L _ i
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Table 46-727 Model-to.Simulator Correlation (Continued)

2.0197(lr2 .8196 (1S ) 0- %S t *)0 4 09

= K (IrZ)Y (lT3 )' (1r4,)

2.019 1.5199 .9953 .3495 1.068 1.082 -1.3

" " " L .3365 1.028. 1.046 -1.7
;" " " ' .3722 1.137 1.118 +1.7 MN T

_"__.3308 1.011 1.026 -1.5 +0

.".3153 0.963 0.991 -2.8 4 ? V:[

"1.1449 .3495 1.229 1.210 +1.6
!;' ' " .3183 " 1_....414 40 --

.. .. .. ~~1.9118 .5 :9! _5. .

______ . .. .. _ .053 .3598 1,099 , ...4 ......
'J " " " .3352 024. -1,07 _-re__.

. , 'Z.I91 ,' .3495 1 .489 1 .4B2 +. •

" '.. .. , .3365 . 3 _ AA W T....

" " "14 .~.3722 1;R5 1.622 -2.j [

3180

,i~ ,I " 1.1 4' . 44r, 1,71'; 1.799 _-, 0%_

,J ,a "1 . lR - -- _ 1 -912 _. __. -.- Z....
" " 1 011A .1 g,6n --3-006. _ _-- NOB--

I ii9951,, QQ ' I WO -K I r" .3, -- M g a).....
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Table 46.- -/.k%7 Model-to-Simulator Correlation (Concluded)

(Tr,) = 4.558 (. j1.125 (T ,s,-,,q7%a (mT4) -. 1768

= K _ _ ) (-T)y (14 )' C

K((N) ) ft ICTEOk ) %ERROR CONIT|ION

.2. 139.306 .2 .9531 .1387 3.683 3.55 +3.7 SALnE.L

____ " _ _ .12S2 3.431 3.408 +.7 MAX. WT.

____ .1562 - - - MIN. WT.

" "_ _ " .1251 3.322 3.492 -4.9 + 101 VI
" , .1143 3.035 3.256 -6.8 4 _0% V_

" " " 1.1530 .1387 4.455 4.309 +3.4 WA

_ _ "_ 1.2679 4.899 4.708 +4.0 40%P

" __ " 1.5726 6.027 5.865 +3.6 NO P

.. .... ._9531 .1465 3.890 4.007 1-2.9 1O% F,
_____ "__ 1.5 .1282 3,404 3.434 -. 9 ________'
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Table 47-737 Model.to-Simula tor Correlation

7647 156- 081SIXSP -. 01951(IT1 ) = 0.9632 (r) " 7647 .

K (iT)' (1T5Y (1t)'
- o') ( TU, (T 0. LRROR CONDITION

o.9632 jj7.. .9904 1 1 149 -. 4 E LA ) NE.
S .. . .I 798a I I p L, : '46 -1..7 A ,wr

" H .8162T I. 5 +..4. MIN. WT.
+ 10% V1" " " " 8028 l,!_3? :9 +.3 ° -V1 , H " .7942 . _i 1 .? : .. l __1•..___ ____

v

-- ~~700+1.j t~L
1, ,, ,, 1.1297 .8117 1.305 1.302 +.2 6 ,.-

SH 211 1.398 !1,412 -1.0 40% ,P
I ' 17Qr; 1.594 .1.595 -0 P'4 F'

A .as; 11 R 1-14A . iZO% re

' " " " .ANAl 113(i LL4 .__. . ... G _F _

"7_I 1. 1.2w +. _ -AA WT.

" " " " Q .P. 1,927 147(0 +.,....+o 1
, . 1.1297 .117 1.779 12.767 +.7 60 5P

__"_" 1.2101 1.906 1.930 -1.2 40 % '
" .. .. .. ~~1.3795 " 2. 17]]3 2. 195.- 1.] 0 . .. Nu,% ....

.' 03904 - .8146 1.565 1.555 +.6 iZo% Fe

" " " " .8081 1.553 1.538 +1.0 8O% Fe

', - H 4237 ') 1 2.8117 2.5 0 2.640 + 6SA . LIN.

." 7989 2.608 2. 67 _ +1 , (A .0 w r.

-162 ?ASA 2,639 +1.0.

ii .542
" " " " -794.A 2-A ;Q; .243( +AA Z'. '

1 1"0 " _a ,117 1 17193 -3.(1in -. (. C1p

SU , 5 39 9rO2- +IA o% 
8 0/Fe
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F7 .r;)'; ( .t3 ). .(. ").. , - , ____

Table 47.-737 Model-to.Simnulator Correlation (Continued)

(IT) = 1.096 (1)-."
76 4 7  .'n') "' Tr)-.03222

"r ' K (Ity)' ( ()' ( it )' , =, "r ,,v ,

. 1.096 1.4779 .9898 .7085 1.136 1.149 -1.1 ,ELit- .

_ _ . .. .. .i .6902 1.107 1.146 -3.4 - - N _( -V

" , .7150 1.146 1.135 +1.0 MI W.WT ,

"_ ,' ,, ,, .6958 1.116 1.129 -1.1 + IO'.Vr

" _ ,, ,, .6843 1.097 1.100 -. 3 +to%V-

.. .. .. 1.1381 .7085 1.306 1.302 +.3 (.(Y/.__p

" "_ " 1.2245 " 1.405 1.412 -. 5 40%'.P

"_ _ " 1.4077 " 1.616 1.595 +1.3 NO ,P

_. " " .9898 .7127 1.143 1.148 -. 4 12G% re

' "' .7034 1.128 1.143 -1.3 B,.F
.4 1 2.0151 ,708,5 1 .549 1.549 0,

"____ ' .6902 1.509 1.524 -1.0 -41 WT.
" " " .7150 1,5 ,_5 -+1.5 Ai. w r

I ,
AF1n43 --1A~ L 2 ±&~.

.. .. .. 1 n 7ng - 7 1.7S1- 1 .56 .7 ...

Ii ' __ __ __ _ . .2 0.34 J 9.1 ._ ]...3L .... .. ...............

1 4 7 N ':r'

" " " I.,"0 a " .-z2.0 .. .1 5- -...&...i. .. .

1.'/ . 40
989A--- ...717 5 5- t-2 . . . ......

M AX. WT.

" " " '4.2A. .6902 2.564 .L51_s. ..... .....

In r~ 4,A MI T

_ " " " .6958 2. 584 .2.106 +J. . +10%v

.6 "843 2 542 + .- O ,
" ' I .131 -7QS5 3.026 3,030 1 %,0O% Cp

995 1 40 SP
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Table 47. -737 Model-to Simulator Correlation (Concluded)
(-n) z 1.4409 -,,.7647 (). - , (-i4-T.05739

= K (1r) (-T .'0573)'

_(_ h ._ R EDCT UAL

TI- 1  K (irt), II). (-t)' .EDCL RO R CONDITION

S 1,4409 1.47990 .9871 .5413 1.138 1.149 -.9 ... Ut 1L

_____ .5166 1.089 1.146 -4.9 AX. W1'.

_ _ " '3 .5501 1.156 1.135 +1.8 MIN. WT.

" " " " .5241 1.102 1.129 -2.4 0%O VI
.5088 1.070 1.100 -2.7 +Z0% V-,

_____ 1.1533 .5413 1.329 1.302 +2.1 zO zp

1.2376 " 1.427 1.412 +1.1 40% "-P

, 4003 1.614 1.595 +1.2 NO P..

_. . . .. .871 ,5410 1.150 1.148 +.2 ._ .e

.4 ,, 2.0151 .9871 .5413 1.551 1.549 +.1
' u , , .5166 1 1.480 1.5 24 -2.9 M AX W'T,

" , ,, .5501 1:P77 -1.4 +2.4 KIN. W1.

" , , , .5241 1.502 1.514 -.8 V-O .V

"__ , ,.5088 1.458 1.470 -.8 +zO0V-
Is 1.1533 .5413 1.813 1.767 +2.6 (,0% P

' _ _ "_ 1.2376 ' 1.945 1.930 +.8 40% bP

" ) ___ 1.4003 ' 2.200 2,195 +.2 NO 5P

I 3 I ,.09871 .5470 1.568 1.555 +.8 1 ?0% R-

u ,, ,, " - .5343 1.531 1.538 -.4
.A 3 ,42I 0.9871 .5413 2.636 2.640 -.1 BA% ELINL

______ ____ " .5166 2.516 2.567 -2.0 3AT. WT.

' " I " ~ .5501 ,79 2 39 +1.5 MN. WT.

.41 2.552 2.542 +.4 +10% V1

') " " " .5088 2,478 .430 +2.0 *zoe. V.,
.3 .. 3 _.54_ L JIM_ + .6 ,

3) 2-a __ a.1.3921 40 %__Pto so " ann' " 37 _.1. __. _ NO 5P
3 ' - l a .6 4 -. 6 O%-e

-- - "- 2 4 6 2. L2 l. .2 8O '. Fr -
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Table 48.-747 Model-to.Simulator Correlation

53= 9 81 L 5403- 112SP) 01676

(1, Tl 0 ) (-n*4)- K (r2)' (IT,)' (1t 4n/

It K (ITt)' (T?,Y (-R4) % r ERROR CONDITION

.6 .9539 1.5164 1.0473 .8458 1.281 1.279 -.1 BALLu.

.8415 1.275 1.261 -1.1 MAX. WT.

.8563 1.297 1.307 +.8 MIN. WT.

" " _ , ', .8416 1.275 1.285 +.8 4iO% V.

" __. ,, ,8377 1.269 1.294 +2.0 4 tO% V
o _, _, 1.1444 .8458 1.400 1.400 0 64%P

" " _, 1.2093 _, 1.479 1.47G -. 2 4o% 5P

_____" 1.3782 t' 1.686 1.683 -.2 O bP

____ ___ 1.0473 .8484 1.285 1.286 +.1 ?o% e
10 '_____ .8426 1.276 1.254 -1.7 hc. re

.4 2.1102 1.0473 .8458 1.78? 1.766 +.9 B45LINE.

.____ " .8415 1,774 1.744 +1.7 mAX -VJ,

_____ " .8563 1.805 1.828 -1.3 KN. W'T.-

S__" __ .8416 174 1.771 +.2 .10% V1

__ _ .. " _" .8377 . Thi _L j7 . - ..... ... ..

1-1444 B45& - 1948 1 52 60. .P
' ' " .P 3 " 2,05a 2 0 40% jP

17A98 2 24 4 ; NO SP

+2 -E -0% F-e

712 1.043 .8458 3, 1363,87 +1.0 6 7 ELN..

S" 3191 3.041 +2.6 MAX. WT.

to 1) A -- -1B6 2.1 .Z 9 -1.7 MIN.WT.

_____ "' .8416 3.iz2 .oii.,. _._+ 4_._' 0 % v,
' _R377 3.109 3,012 +2.4 . ?0"/ V',

It P A4 . .R4 .R .42 7 . .. 4 3 L ± -_,O6 0 _ _ P

to It 1.0473 .8484 3.145 3,157 -, IZo Fe

± 84.8 805 re
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Table 48.-747 Model.to-Simulator Correlation (Continued)

+!+ i ('I ,) =.9974 (72~) -. 815 OT.O .,~l.o, , (T.17).03004 i

,K (Trt] (?,) (1 4)'

• : .9974 1.14 1.13691 .7407 1.274 1,279---.4 S. N-

.__... _ .7339 1.262 1.261 0 MAX. WT.

" " _ .7573 1.302 1.307 -. 4 MIN.WT.

" " " " .7342 1.264 1.28.- -1.6 0% Vi

" ," .7280 1.252 , 1.294 -3.2 + 2 0% V1x

1.233 .7407 1.404 1.400 +.3 G ,' .-P

1,3262 1.486 1.476 +.7

1 .__ " 15080 " 1.689 1.686.3 +.4 NO _P

1 1 .7747 .2BL -.L.2 ... 5 'ZO -e
" .. . .. .7357 -LZ . -1,2A-. _-±t9 B.. A Fe

.4 ,, i -74Q7 1,773

___7339aa -iaW 1.24-. Z-- MAVI W~T,
_ I " ' -7573 --1_ M .. 8 2.. I..Z -_ . KIN. WT.

+10% V- 1
___ " " -. 7342 -- ,7-7 1..21- _-,. 0 V

72 0 . 1-742 1-.7,5- +.... ...

.1 7 7 . 1._. 604 P
' ~~ ~ 2 QS ' .2.JB. _5 +. 40% , P

_____ _____ ~ ~NO P

__ __ 2..062" 2..fli& . ..3_ . . .........

" - _-244 _-lZBZ. LJIK-, :-,/°r2
TM I , 760 1__ _732 .±Lf _Bc./ e

711 ' - .9 Rq .041 + MAI. WT

75 3 1 MY. I 9? -1 3- IN.WT.

.7342 3,01 3.065 +.8 + ,10% V

" ... Z ____ a ! " ,.oi , , j .. ___ 1
12 .2;.1 7a074 .A13 -. 1447 -.3 -

ft fl ft 63 40% -- P
__ ~ ~ 19l II A _ __ ~ jg O

I2i j.~ 3,157 12 20 % re

735 1, 096 907 +1-9 80%/.Fe
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Table 48.-Model -to Simulator Correlation (Concluded)

1 9 .815 %-.05588z.% 1 .1897 (,r2) * . cz , , < ,
= K (It?)" (IT,)' (1r4.

E I TE.DCTUAL•n K (w z ), ('n') (, ,,.,O IT,, ( ,)

Act-" 1.1897k1.5164 1.2255 .571 7 '-B-A-Sfg --TT I'%LONE '

.5624 1. 1 .261 -1.4 MA .W .

" " " " .5962 1.318 1.307 +.8 MIN. W.

.5628 1.244 1.?45 -3.2 VItV/._.

____ .5541 1.230 .1.294_-- .5.0__. .OV.-

of __ 1.369 .5721 1.414 1.400 +1.0 (06% 1Pt.o477 1.504 1.476 +1.9 40% '7,P.._
to. " _1, 1 7 2 1.683 +2.4 NO P,

toZ 1 5E pp.;; I B - .6 1? )%,_____. .C .. A .5. ~
" l. ' . .. .. sr4gl 1.249 _1 - . __-. 4 ....... ...A: i

_____ 2.1102 1.225. .5721 1.760 1.766 -A . BAE I,.

_ _ .5624 1.730 1.744 -.8 ,'AV WT.
"... _ , " .5 6 1.!34. 1.828___+..3 PA.IN., w'1_.

" " .. .. 1 . -I, Z Q S _ ] ._ -3 .9 . % V I

____" " l47 _.02_2,Q _,+1.6 4o, . .P

.. .. . _66 . , 2.__ _4_4_ . -+2.-3 NO 5P

" ! 4 1__ 2-.3 _5 _ _ -.4 1 ,732 q

S 3.712 1,225 .5721 3.096 3.087 +.3 BAELINL

____ ____ ___ .5624 3.044 3.041 +.1 - rAx. WT.

rI " I 932- 3.229 -.1 MIN. WT.

." ,562 3.04 3.065 _-.6 O
9 "4' 2.99 3.03 -1.1 4ZOV1

", ___~_ _ _~_ -72' 361 A .44 04 . 2+ , .

____ _ .. 4.21 4.205 +.3 No 15P

-i1 _ " . 225 .578( 3.12 3.157 -9 i 0 re

" .. .. " .641 +2,6 28092 re
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I
Table 49.-C- 141 Model-to-Simulator Correlation

= 1.6814 (1t,)-i.0268 ( 113( 06129

= K ( )' (IT)' (T4')'

Lo
'._ .l6814 . 1,6896 1.0134 .5138 1.479 1 .482 -.2 ,SLN

_ _ " _ ,_ ..4982 1.434 1.462 -1.9 lAW.Vw1. 2
" "__ ".5496 1.582 -IN. wr.

"___ " _" .4961 1.428 1.427 +.1 'O*/ Vi

"____ __ _" .4805 1.383 1.378 +.4 0zo% V:

H ' 1,1763 .5138 1.717 1.722 -. 3 60%, j
" ___ 1.2891 1.882 1.884 -. 4o/ P

.1.607 2.366 2.373 -. 3 NO '_P
° " " 1.0134! .52 5 1 564__ .# +.I 1'40% i:v

" _. . .__~____ _ _ -U_ _ 4 -Jl. 447 1.468 -1.4 8(9_. .e
.4 9 ; 21g 5138 2.243 ._ 2.L15 +1.2 -. A~

,' ___ ___ .49822 2.174 ._3+3,4 MAX. .

._____549_ ..39

" "~_ _ _ _ -... "L . 2A _ 2 .1 i' .. .2, 1_ LI+_ L. ' Uv -

4 '4
____, " 1lt,' F1, ..____ .33. __+. o4%

_L . ... 6 40% FeH ' -..- 0-1- " -.5.25.. .. .. . .25_71 .... - ... . .......

" " " !"!3 .5 9 ._.-2s ...2u ...]_,_,... BC.O'/rre

?.j2A J2 -- ----- - _ A ~u,~ ~ ~ -2 .- nn ,1 B 50_4 -. g __--2 .. +.B_8;

____ - 4A3~ .A1.4982 4430A.W.

~5496 4,8 - t-PIN. WIr.

.4961 4.412 4.17 +5.7 +10%VI

S" .4805 4.273 3.83 - zo,/ V.

" ___ H ~1,1763 .513 .. __ _ +1.3 60% SP

I) 1J ni " E...L..;815 7 %.5 S,P
i u 1 6907 " .M_.]{ No b1:

I, ,H ,, .~ J2I .n4.4712 .. 375 +2. 80% Fe
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Table 49.-C- 141 Model-to-Simulator Correlation (Continued)

(' ) 2.20115(.-) -1.0268 ( ,r (,r, -. 08964

= K (rr2 ' (r,)' (rr.)'
Z K (T,.), (.l-iBy (Tff.), F DCZ CIA %ERIPOR CONITrION,,

A0 2.201' 1.6896 1.0134 .3888 .465 1.82

! " ' .. . .3722 1.403 l1.462 -4.0 ~.wt
S.4278 1612IN.W

" 1.. ..3700 1 .3950%V

2S.3i L~lZ LIZ.. 4 ZO/ _,

L J ' l .L3 3F;B2 1.332 _] .3.... -....... 2A A A 
o

68 
v '

.

9 aa ..z~a zi~ M......

H ,l ' I.IBj 60 .3888 1 1 1,2 -. 0,

12 +.6 40% bP

I RM 4 2 438 9'. ~
.......... .9.9. ....... .... . . . ....

" nga v 1A 2 .I -SP

'9 . . ... ... 1n - .3 - 1.o2i . 1 ...... I ... z 'o[ .

---- - 3788 S -CA- ..

.4 28723 37 0 +.1 40-%,,.I7

"9 '9 " " .372 .. ].i3 ...2.J18 ..... ,. w

_ 7A .4278 .2-.8 1 ..... . . WT.

,, ,,_ ._ " ... .3700_ 43 ], 09 4...014.... +.2 41%Vi

" - . t . L. j.,o,:n .3888 .29 . 2 ....... . O
4 " " _L/1 " .83 . I0,P

" ZZ 2 ' * I...L13U __.3a&.B2.J ._._ A_.A.. ] I 1 __/,F

NO ')S'

'f.... " .7 _z v. ......... _ h.O + ao ;-e

s 1- s

" 42781 4.981 -MIN. WT.
11 .3700 4.309 4.174 +3.2 + 10I viz

" ",. ' " .3535 4.115 -- ZOI V.,

1. . ..,86 ---. 3888! 5 97 .7 +.I (,/.% c P

I ,, 3, 1 02o , 5.8531 5.675; +3 _i .1 4 0 % S ,;
* " 1.f8LAW 7.528 N

# .[ ... 1 .13 19R2: 4.637 4, 8 1 20%/ Fe

" " .. . 7 A7 . 4 .37 _ _+.3 80% r ]-
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Table 49.-C 141 Model-to-Simulator Correlation (Concluded)(-r,) -4.116 (iv) , (.o ) (T -.

4.11 U258~ E - -14344OT (ra C') 04 ,) 14.

K (TZ)' (lT 3)' (T 4)' _

T' K (1T.L)' (TT~) (IT,), !PE11I AX-TUAL ZZJ 1CONOMITON~
__ t - -

. 4.116 1.6896 1.0O82 .2104 1.476 1.482 -.4 BASE.

4 " " _ _ .....1958 1.373 1.462 -6.0 tA. .WT.

4' " ' " .2464 1.727 - - KIN. WT.

.1939 1.359 1.426 -4.7 +,oVi

.1799 1.261 1.378 +ZO-/ V,

1.1508 .2104 1.684 1.722 -2.2 (O6% -P

" _____ 1.2666 " 1.854 1.884 -1.6 40/. ,P

' " 1.6307 s 2.386 2.373 +.5 NO

... 1.0082 .2189 1.535 1.502 +2.2 1ZCA P'e

S.1997 1.400 1.468 -4.6 so F0,

.2±. .4,.U6 2.5621 1.0082 -.2104 2.238 2.215 +1.0 ,

'' " 4' .1958 2.082 2.102 -.9 MAX. VT.

' ' .2464 2.619 - - KN T* 4 ii 4-2.1

S.1939 2.061 2.111 -2.4 -% V

"__" I' .1799 1.913 2.001 -4.4 +'(' %"r

LL_.. _ 1.1508. .2104 2.554 2.587 -1.3 6O'/. SP

1.2666 " 2,811 2.870 -2.0 40%, ,P

" _ ' 1.1,6307 ' 3.619 3.683 -1.7 NO .P

'0082 .2189 2.327 2.251 3.4 1.?o% Pe

....2L..... " .1U9L 2.123 2.176 -2.4 80%/ r

. 4 ,f.165,22 1.0082 _2104 4.559. 4.548 +.2 BWL.LINL

S" .1958 4.241 4.315 -1.7 A'A' \VT.

- -- 4* 44 44 "' M2464 3N. \53'T.
) .1939 4,= 4,174 +.6 +to%°/"/
o -- .799 3,897 3.83 +1.7 V1

. "1,10 -1 04 5.37 -.6

- 4 4.698 +.9 1. 40% F'

44 " "71 t1.0 80% re
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Table 50.-F-4 Model-to-Simulator Correlation

(i 1  1.679 (ire) -- 9239( ), -365 3 (t,*) .04408

K (Trl')' (IT,)' (-Y.4 )"

I -t oICfA TU..i. O

• 1.679 1.6031 .941 .5406 1.369 1.359 .7 14 3ELINE

'' ' ' .5220 1.322 - - MIU. WT.

.5517 1.397 - - MIN. WT.

__"___ .5270 1.335 1.364 -2.1 + I0% V
" , .51 48 1.304 1.324 -1.5 - ?0 % ..,

' i 1.0633 .5406 1.547 1.579 -2.0 6. P

" " _, 1,1319 of 1.647 1.684 -2.2 40% 4bP

_____ ', 1.3860 51 2.017 2.012 .2 No WT

,..941 .5532 1.402 1.428 -1.4 1O2% 're

1 .5125 1.298 1.337 -2.9 0% Fe.4 2.3316 Jo) .5406 1.991 1.952 !+2.0 BAE.,.NE

I) 1) .1 1 .5220 1.923 1.843 +4.3 MAX. WT.

of ' , .5517 2.032 - - MI N. WT.

' " * ' .5270 1.942 1.848 +5.0 +.10%. v1

.5148 1.897 1.705 -

I' 1.0633 .5406 2.250 2.383 -5.6 60"% SP
it to" .31 2.395 2.617 -8.5 40% SP

-' ,i 1,86 '" 2.934 3.469 - NO SP

.. 2" _ _ 0.941 .5532 2.038 2.062 -1.2 12.O% Ft

" ', " ___ .5125 1.888 1.885 0% Fe
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Table 50.- F.4 Model-to.Simulator Correlation (Continued)

.39 -07895

H K (rry (17,)' (1r4)'

~~1~~~--UE AL__ _ _ __ - - - -

.a 2.8026 1.5031 .903 .3324 1.348 1.359 -. 8 SAEINE
I 1 " ,) .3122 1.266 1.229 +3.0 rAA. WT.

I, 9 *i .3446 1.398 - - MIN. WT.
" , , , .3175 1.288 1.364 -5.5 +1O% V,

, .3045 1.235 1.324 -6.7 +ZO, V.,

'i . 1.1023 .3324 1.646 1.579 +4.2 6al SP
.' ' ,, 1.2103 I, 1.807 1.684 +7.3 40% P

'a , 1.6049 It 2.397 2.012 - NO 1P

1 ' 'a .903 .3463 1.405 1.421 -1.1 1zo ?.

' I '9 ' ' .3021 1.226 1.337 -8.3 Sc. Fe
.4 2.8026 2.3316 .903 .3324 1.961 1.952 +.5 B"ELINE

t o *a .3122 1.842 1.843 0 MAx. JT.
to , , , .3446 2.033 -. Wl.

to ,) .3175 1.873 1.849 +1.3 1(. V-1

" " ,, .3045 1.797 1.705 +5.4 ZC46 V-

1 ' ' 1.1023 .3324 2.394 2.383 +.5 6O'.' I

'1 ' 1.2i03 ', 2.629 2.617 +.5 40% P

"'. 1.6049 99 3.486 3.469 +.5 NO .,P
' ' .903 .3463 2.043 2.062 -. 9

99 Dg ,, " .3021 1.783 1.285 -5.4 80_ e
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Table 50.-Model to -Simulator Correlation (Concluded)

(iT,) = 31. 5 2 <i%) -1).069 69" "1 ( 3.) -. 260173
= K (In'ly ("T3)' (74)'

T K (i1t)' (Tt~3) (T4)I *UCoICyOTUL % o - ODIION

.2 31.52 5.59 .99 .02651 4.157 4.222 -1.5- EL -

"_ " _ _ _ .02157 3.382 3.j35 +1.4 MA,)(. WT.

_ _ __ __ .02987 4.684 4.741 -1.2 MN. WT.

_ " _ __ .0228 3.5731 3.573 0 +10% V,

" " , __, .01987 3.116 3.016 +3.3 4+O . V.

__" __ 1.125 .02651 5.255 5.276 -. 4 0
" " " 1.2682 5.925,  6.031 -1.7 40. "tP

" " U 1.8702 ' 8.737 - - NO ,P

_"_ .8899 .0303f 4.761 5.215 -8.7 1ZO. e

" ' 013 3.03341.456 -12.2 8' C,
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SECTION XVI

WET-RUNWAY ANALYSIS CALCULATIONS

The procedure followed in Sections XII1, XIV, and XV was repeated for the data analysis ofwet runway conditions and prediction equations were obtained as before. However, a :

velocity-dependent mu value was converted into a constant peak available mu value

(independent of velocity) by using previous ir I vs sr2 component equations. For example,
Eqs 8, II, 18, 25, and 37 in ASD-TR-74-41, Volume I, Section X1. Tables 51 through 65
illustrate the steps involved.

(195 Preceding page link



Figure 57.-Wet Runway Date For variable mu om.0 to 0.5

STOPPING DISTANCE (BRAKING SEGMENT ONLY)

41BASELINE 5009 3207 6809 5033 5890

MAX. WT. 5685 4580 7798 5942 73921

MIN WT. 3857 2770 5050 3781 5394

410% V1  5461 3883 7679 5733 6359

+ 20% V1  5986 4652 8440 6361 6788

60% SP 3704 7885 7670

40% SP -4490 8607 -86901

No SP 5 165 10103 - 13185

120% Fe 5191 3265 7246 5200 1 6338

80% Fe 4747 3128 6543 4894 5451
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Table 53.-727 Pi Terms for Wet Runway

(rr 1  (0n ____ v4 CONDITION

.275 2.400 1

.25 2.65. __

.225 __2.975 __

.2 3.550_

.167 4.-242

.553 .167 71127

2.87 C6- - jb/bPOILERS

_______ 40%-POILERS

8.14 N o SPOILER51

36400 4.102 .167 .553 WEIGH-r

52331 4.396 11 20% THRtU*-T

71127 4.242 SA.%LI4E

106378 4.2312 WEIG-r-

110989 4.020 - -- so%~ 'Twitu-r

127746 3.840 110% VT.

2139 3.520 11 Z0% V1
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Table 54-737 Pi Terms for Wet Runway_____ (?) _____

(_____ _____ Tr 14 CONDITION

v 6 1.14; .88 44146 BASELINE

.5 1.307

.4 ,,1.549 _

1.932

• 4.. 2.640

.1 4.500 ,, _

i ( ) 4" T4 CoNDITION

.88 3.450 .141 44146 1... E LINE

3.093 3.985 6% 4 6O~ SPOILERS

4.643 4.831 1 1 4o% POILE RS

7.794 5.557 * NO SPOILERS

('4) (i_,) 1n' T 3  CoNorrioN

(~11~) ______MINIMUMr

33266 3.276 .141 WE-GHT

36751 3.496 ____ ItO% " RU''

44146 3.450 __ A..JE.

99481 3.762 \__ I G Hr

55267 3.365 so% "w"Rus"r

77439 3.463 1i10'* V.

129573 3.513 1zO V%
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Table 55.-747 Pi Terms for Wet Runway

(Ln' 1) (in) _ n 4  CONDrTION

6 1.279 3.722 23850 B54SLINE
.51.480

.4 1.766

' =2.220

• ?- 3.087
.A 5.520 .'

_______ T4___ CONDITION

3.722 4.571 .125 21850

5.364 5.294 y60% POILERS

40% SPOILERS

A.719 J7Al NO SPOIL .R5

(r) ( 1 ) _CoN-,N

10444 4.321 .125 3.722 WrIGHT

18235 4.865 17-0% T,4RUb-r

S0 TN , I RU't
90q711 -. 7ne)J.. .... . W E.IGH'-

274Q1 4,301 6014 " zuW-r

38810 4.679 105% V
t-L ... ii ........

18235 4-865.V
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Table 56.-C-141 Pi Terms for Wet Runwayo o

._____ _ 1.789

.4 2.2154

3.069

.1 4.548 .

(n11) i~ CONDTION
1.175 4.052 .225 52319

3.332 - A O% 5POILERS

4.839 - 4 0% bPOILE RS

9.607 - O 5POILR

(rr4 ) 1 CNDIiO

17421 4.365 .225 1.175 W,"G T

39789 4.186 17.0. TLRu'

52319 4.052 6^,EL F.,
-- -- Mk~XIMUP

86421 4.026 W.IGHT

75333 3.940 USoN. "HRL ,"r

92685 3.814 110% VT.

1562u4 3.556 r -- .ZO/, V,
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Table 57.-F4 Pi Terms for Wet Runway

. 30 2.71 BA4FELINE

275 2.96

.225 3.5A -

4.222

(rns) [ (rr) -z :F CONDITION

f) 86 2.894 .278 1146583j~N

1.184 3.768 -0 oYbPOILERS

1.406 4.270 T 40% POILERS

2.454 6.478 aOSpoii.E.R1

(7r 4 ) (ir,) ___ _ 7rr3 CONDITION

725280 3.092 .278 4 WIH

1146583 2.894
MAXIMUMr

2535409 2.792 WIHr.

3845833 2.678 60% ~u-

2048633 -2.575 -110%_ VT.*
3477515 2.304
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Table 58. -Calculated Wet Runway Mu

F Airplane (112) vs (Ill) Calculated
model sbraking prediction Eq (v231 or p

727 6009 (w,) 0.5648 On2)-112 .6

737 3207 Orj) 0.7716 W2.670.14 1

747 6809 O =l 0.338 (113) -080.125

C-141 5033 (111) - 0.876 (7r2)1.0268 0.225

F-4 6890 (VI) - 0.7473 (if2)'10g 0.278
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Table 59.-Summary of Wet Runway Component Equations and Constant Term Values

Airplane TEquation Eq No.

727 lr - 0.5648 (r2Y.IIo (6)*

=W) 4.5919 (77 Y0.1338 (4

Or)-11.9918 W40j.09548 (5)

(C) - 0.05723

73=WI 0.7716 (712)6 11

(W)- 2.0287 (1147 .0.04881 (7)4

(C) - 0.06536

747 (11-0.838(ff2) 0.815 (18)'

(v) 3.1326 )if3( (0.35784.-0.06953 % SPI (1

Or)-2,9904 (7r4) 0425(9)I

C-141 Or)- 0.876 )1r2)-l. 02 8  
(5

Or) 4.015 (v3) 0.0508 (10)
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Table I~f -SummTary of Wet Runway Component Equations
and Constant Tarm Values (Concluded)

Airplane Equation E o

C-141 (it,) .4417 OCs) (11) j I
(Cot.)(C) =0.06104

F-4 (MI) = 0.7327 (7r)-l069 (37)*

Or)- 3.3012 itt3) [0.74982 +0.03347 %SPI 112)

(ffl) -16,7349 W4.10.1255E (13)

(C) 0.11,44

Equation taken from ASD-TR-74-41, Volume 1, Section X1.I
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Table 60. -Summery of Wet Runway Prediction Equations

Eq
Airplane Equation No.

727 Oir,) -1.7801 (Vf) .125 (T)0.1338 (1f (0.09548 (14)A

77 (if1) -0.4842 W20 .7647 '3)[.45.0154%SI(15)

0.04881

747 i 1  0.3748 (7r2).0.815 (i) 0.35764 -0.06953 %SPI (6

-141 (1,) -2.2418 (72 -1.0268 (7r3 0.0568 (74( )0.08735 (17)

F-4 (V 1 4.839 W2)1.0694 (Vr 3 )0.74182 + 0.03547 %SP) (18)

.,r)0.12555
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Table 61.-727 Wet Runway Model.to-Simulator Correlation

Z 1. 7801 k~, -1 ., T~ 12r 4  -. 09548

= K (Tr' ('n' (I'y P
t J K (11, ' ( ( 1 . . % E% RROR C ODT ON

J 1 . 78U1 7 . 4 93  .9238 .441 4238 4.242 -. --

. .3311 4.078 4.231 -3.6 MAX. .

.3254 4.008 3.840 +4.4 ......
.. .. .. .. .3100 .3,818 . 3.. . ,

- 
.... "ZoW "Z |,, .. .._,...__ .-I_ _

A,- 4,- -tL

.. .. .. .0,7. . . . . . . 4
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Table 62-737 Wet Runway Model-to-Simulator Correlation

(0,) .4642 (it )-,Y647 (l?)r ' 2346 -. 1265%.V) +.04881

= K (i2 ' (73)' (1r4 )'
(TL' (113Y ( 4. ...RROR.... .....

.141 .4642 4.4729 .9863 1.6855 3.452 3.450 0 BALW.

" __" *) 1.7536 3.591 3.762 -4.5 MAX. W . I

" " ,662, 3.404 3.276 +3.9 MIN. WT.

_ _... ._ i_ _ ._q.732 3.547 3.463 +2.4 41' V

__ 1.7769 3.638 3.496 +4.1 .4Z0%V.
.. . . 1.1962 1.685! 4.186 3.985 +5.0 '*

___" 1.3264 " 4.642 4.831 -3.9 40% P

UL.. 1 .6188_ _ 5.665 5.557 4"1 .9 4o "P

-2 -- " . 0.92 1.61J9 3.421 3.513 -2.6 z07. P.
I" ' ____ 1ZLIL~ 1.7 489 3.6 _.8~

20
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Table 63.-747 Wet Runway Model-to-Simulator Correlation

(I,) = .3748 (i, 2  -. 815 (t .3576 - .0695&P 14275

_K TZ ' (IT3)' (t4)'

.125 .3748 5.4453 1.460 1.532 4.569 4.571 0
.. .. .. ._ ' 1.5532 4.629 4.706 -1.6 WT.

1.4853 4.427 4.321 .. i-2.4 MIN. WT.

"____ , . .. . .,.. 1.5521 4.626 4. 672 -1.0 10/. V1
1.571( 4.682 _.4.679 C 2( V1

____ " _ 1.700( 1.532i 5.318 6e/ + ,OP

_____ _____ _____ 1.839 " 5.754 _ 5.779 -._ 4 0% ,P

-. . .. .J21706 6.791 6.783 .+.1 _ .P

L--1: -4-5j1Aii.A65 -.- -L.2
.. .. .. J1.460 1.521 4. .. _.L 4, . ... .f727 4.A3
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Table 64.-C 141 Wet Runway Model-to.Simulator Correlation

(-R), 2.2416 (,) -1.0251.,) E -rGe 3 ( T4 - 08735

K (TrY (-rr,)' ('4Y
.3471 PEi IED

T, K (TPI)r1  3 114)' (10 A Il) ERPOP CONDITI1ON

.225 2.2416 4.6257 1.0092 .3871 4.514.02 0 tE.L.IN.

.1 " , .3705 3.877 4.026 -3.7 M k .w T .

.461 4,459 4.365 +2.1 MIN. WT.

U , , .3682 3.853 3.814 +1.0 1+104 .V

" " .3518 3.681 3.556 +3.5 .1 O%V!
S I - - - 66/, -

D I,, . ,, - NObP
- i - - - No stop

1,0092, .3965 4.149 4.186 -.9 i20%, F'e
Ii " "I , .. 9.3-150 3.924 3.940 1.4 . Fj
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Table 66.-F.4 Wet Runway Mode-to-Simulator Correlation

.= 4.3 , . I'q, - 7498+ .03347% ,.12555

OttK (%' ()' (4)'

= 'O y (73 4)' )"
rtsy ou),- %RROR CONIrTION,

. 4.8.7 9 8.93 1 . .1735 O I,_

* .1570T 2.620 2.72 -61 Ax.WT.
. 837 ....65 3 .0 -.9-M- W' . . _ . ._ ._ _ ' ' ' . V .

_____ .1613 2.692 2.575 +. i~ 1 _

.1509 2.518 2.304 . - J '/,,
1.1389 .1735 3.159 3.768 -,2 O/.SP

1.90 .1735 4.281 4.270 +.3 40%1. 904 1 6.471 6.478 -. o 1 P

.15 3.091 3.114 _ -7 ~c

.1490 2.487 _2.67 71sI
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